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In typical commercial UV treatment system, water is flushed through a reactor vessel,
where a UV lamp irradiates the flowing water. The distribution of the UV dose is
extremely non-uniform. At distances away from the light, the dosage will be too low to
kill the microorganism. As a result more power is needed in such a system for an
effective treatment.
A new energy-efficient UV disinfection system, named "Off Center", was designed,
developed, and tested. This "Off
Center"
system consists of a UV bulb that has been
relocated from its traditional central location to a location closer to the 4-in chamber
inner wall. Test results have shown that this unit is 33% more efficient than a comparable
commercial unit. This improvement was obtained by introducing unique design
modifications that provided better fluid flow conditions, which in turn led to higher UV
dose delivery to flowing water in new system.
A UV Dosage Distribution program was also developed together with numerical models,
which utilized Computational Fluid Dynamics (CFD) analysis, to predict dosage and
energy performances in both commercial and new systems.
To validate the UV system performance, MS2 virus was used as the test microbe in the
bioassay experiments. The margin of error in CFD and bioassay results ofboth systems is
about 4%, which shows that the CFD models developed to determine UV dosage are
valid.
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Ultraviolet (UV) light irradiation is widely recognized as a safe and highly effective
method for disinfecting water and wastewater. UV light is light energy between 1 00 and
400nm wavelength, between the X-ray and visible portions of the spectrum. Research has
shown that the optimum UV wavelength range to destroy bacteria is between 250 nm to
270nm. At short wavelength of 200 to 280nm, this UV spectrum is referred to as UVC,
and is sometimes called the germicidal range, since it is very effective in inactivating
bacteria and viruses. For effective disinfection, UV light is applied to low-turbidity water.
Four other common methods being used to disinfect wastewater and drinking water are
Ozonation, Chlorination, Iodine, and Distillation. Ozonation involves the usage of air- or
oxygen-generated ozone as a disinfectant. This process is generated on-site by electrical
discharge, and is very energy-intensive. Chlorination is performed by injecting chlorine
into water sample. It has been used almost exclusively by the municipal wastewater
because of its effectiveness and relatively low cost. However, potential adverse effects or
even toxicity of the residual chlorine in the effluents for human and aquatic life are a
serious concern. Iodine method does not disinfect bacteria on contact. After iodine
crystals are dissolved in water to form a saturated solution, to be injected into the water
system, a holding time of at least 20 minutes are done depending on its concentration.
Iodine also has to be removed from effluent by carbon filter before it is safe for drinking.
Distillation utilizes mainly heat, instead of chemicals to disinfect water, but it is relatively
very expensive, takes very long time, and produces very
"flat"
taste (mineral free) and
hard-on-metals effluents.
The U.S. Environmental Protection Agency (EPA) prefers UV technology to other means
of sterilizing water, such as Chlorine, Iodine, and Distillation, and applies it to achieve
high levels of Cryptosporidium inactivation under the Long Term 2 Enhanced Surface
Water Treatment Rule (LT2ESWTR) [1]. UV treatment is an extremely rapid process
that requires very short period of contact time, minimum space, maintenance, or
supervision, and is generally easy to install. In addition, it has no known toxic or
significant nontoxic byproducts, no chemical smell or taste in finished water, and its
effectiveness is relatively insensitive to temperature and pH differences. Ultraviolet
(UVC) light is also a World Health Organization approved method of disinfecting water.
UV disinfection ofwater is currently used in drinking water, wastewater, and aquaculture
industries. The development ofUV technology for use in these industries has defined the
operational parameters that influence the effectiveness of UV in water disinfection
systems.
UV is capable of destroying pathogens such as bacteria, viruses, and protozoa that can
cause a variety of illnesses such as amoebic dysentery, cholera, polio, and typhoid fever.
When ultraviolet light is absorbed by proteins, RNA, and DNA in microorganisms, it
forms a chemical bond in cellular DNA, disrupts the cell membranes of the proteins and
the ability of the microorganisms to replicate, and thus kills or renders the organisms
inactive.
A germicidal ultraviolet lamp, which is similar to a fluorescent lamp with the exception
of its lack of internal phosphors coating, and is also housed in fused quartz rather than
glass, is found in a typical UV system to inactivate microorganisms. The intensity of the
lamp is the rate at which protons are delivered to the target. For a system to work, the
energy dose that the organisms absorb has to be high enough to not only damage but also
successfully disrupt the
organisms'
genetic materials. Important factors that make up an
effective dose are the intensity of the lamp, water quality, radiation concentration, flow
rate, exposure time, proper UV wavelength,
microorganisms'
type and source, and also
distance from the UV light source. The degree ofmicrobial destruction can be considered
as a function of both time and intensity of the UV radiation to which a given
microorganism is exposed. Intensity and exposure time are in turn governed by the
geometry and hydrodynamics ofUV systems. Since UV dosage is a product of exposure
time and intensity of the lamp, a short exposure time at high intensity and a long
exposure time at low intensity both have the same dosage and effectiveness. UV systems
are designed such that the lowest dose received by any portions of the water is sufficient
to achieve the desired effect on microorganisms. UV dosage is normally expressed in





or J/m . UV irradiation is effective against bacteria at 3-to-30 mJ/cm
,
and against viruses at 30-to-100
mJ/cm2
dosage levels [2]. In addition, it is also effective
against chlorine-resistant pathogens such as Giardia Lamblia and Cryptosporidium
parvum, causing internal damage and eliminating their threat, even when they are
exposed to dosage levels in the tens ofmJ/cm2.
Extensive pilot and full-scale studies established that UV treatment produces no
significant by-product formation, and no residual effluent toxicity. It is also more
effective than chlorination to inactive virus. Before 2005, more than 2,000 UV units have
been installed all over United States to disinfect primary, secondary, and filtered tertiary
effluents of drinking water and wastewater. In order to produce an effective design of
each of these units that ensures uniform dose to each microorganism, several prototypes
of these units are built, and full biodosimetry tests are performed to each prototype, to
measure its performance. These result in units costing more than necessary to produce
and manufacture, and thus increase product pricings.
Computer simulation produces an effective design of ultraviolet (UV) technology used to
disinfect water, while reducing high experimental costs. Computational Fluid Dynamics
(CFD) software can be used to describe the hydrodynamics and the UV dose or fluence
rate distribution in a UV drinking water disinfection unit. This CFD analysis utilizes the
Discrete Ordinate Model (DOM) of Radiation model in FLUENT software, and
incorporates the appropriate Fluence (or UV Dose) equation and the microbial
disinfection kinetics or particle-tracking in system, to yield a UV dose distribution within
a system.
1.2 PROJECT OBJECTIVES AND GOAL
Millions of deaths and illness occur annually due to presence of pathogens or bacteria in
water supply all over the world. Energy usage or consumption in United States has also
amplified within the last decade, with the increase of economic development and
technology advancement. The usage of electricity in New York State alone still
constitutes to two-third of the total energy usage [3]. A part of these consumptions can be
reduced by utilizing more energy-efficient UV systems to purify wastewater and drinking
water supplies.
The main objective of this research project is to design and develop an energy-efficient
Ultraviolet disinfection system for drinking water and wastewater. This new system
should be able to operate with less power, compared to current commercial systems,
while providing safer and healthier water quality. Computational and experimental
analyses were performed to present the average UV dose and energy calculations in the
new system and a comparable commercial system models.
GAMBIT and FLUENT software packages were utilized to assess the computational
analysis aspect of this project. Both the new system and the comparable commercial
system were generated as 3D models using the pre-processor Gambit. Fluent software
was used to solve the 3D, steady-state models, and impose their appropriate boundary
and initial conditions. In order to calculate their UV dosage distributions and average
values, a UV Dosage Distribution program was developed using C Programming, to be
implemented in conjunction with the discrete phase model generated in Fluent.
Components of the new system were designed and assembled using Pro/Engineer
software. (Refer to Chapter Three). From drawings generated, they were fabricated and
set up at the RIT Applied Fluids Laboratory, as shown in Figure 5.1.
Biodosimetry or Biological testing was then performed at the Monroe County Health
Laboratory. Media such as TSB, PBS, 1%TSA, and 1.5%TSA were prepared as shown in
Appendix B.3. E-Coli bacteria were streaked to grow MS-2 coliphage, the challenge
organism being used for this project. Influent and effluent samples from both commercial
and new systems were collected from the set-up at RIT laboratory, and transported to the
Monroe County Laboratory, to undergo further biological testing.
From experimental results, comparisons between the average dosage values for both
systems were measured. Average dosage values from computational and experimental
results were also compared and noted. Energy savings calculations were then performed.
1.3 LITERATURE REVIEW
Many research studies have been performed in the last two decades in the development of
Ultraviolet technologies to disinfect pathogens and microbial, instead of using chlorine.
Within the last decade, growing interests in producing a correlation between theoretical
calculations and practical experiments to improve efficiency of UV disinfection unit
designs have been generated. However, the issue of energy consumptions has received
little attention.
A summary ofpapers and publications are reviewed in preparation to conduct this current
research. Authors or companies below emphasize more on large-scale multiple-lamps UV
reactor systems for wastewater capabilities than on small-scale single-lamp UV systems
for residential purposes.
Berson UV-Techniek [4], a UV-disinfection company originated from Netherlands,
launched its revolutionary UV chamber design and MultiWave UV lamp in 1 990, which
presented a milestone in the history ofUV technology. It has sold more than 1 6,000 UV
installations worldwide. At the 1 996 Aquatech conference in Amsterdam, they discussed
the possible certification of using theoretical intensity calculations with flow simulations,
and related it to practical experiences.
Bolton [5] published an Ultraviolet Applications Handbook that introduced important
concepts in Photochemistry and Ultraviolet Technology. This handbook discussed proper
use of optical terms in Photochemistry, and the mechanism of UV disinfection. His
theoretical UV intensity and fluence (UV dose) equations had been reviewed and widely
accepted for the Ultraviolet applications in both academic and industrial environment.
Andrews [6] studied the effects of reflection and refraction in a Computational Fluid
Dynamics (CFD) model for multiple-lamp UV reactor's performance optimization. He
utilized Bolton's fluence rate calculation to account for UV fluence rate distribution in an
existing UV drinking water unit.
Trojan Technologies [7], a UV disinfection company, developed an online dose-
predicting algorithm, the UV Dosimeter, which interfaced fluid dynamics, optics and
microbial kinetics to predict UV dose delivery in their large-scale commercial UV
disinfection systems. It had installed over than 2,000 UV treatment systems in
municipalities all over the world.
Calgon Carbon Corporation [8] conducted full-scale pilot research to validate their UV
reactors, under German DVGW W294 Standard, using Computational Fluid Dynamics
(CFD) modeling with CFX software.
Fluent Incorporated [9] developed a CFD modeling approach (using FLUENT software)
to compare disinfection efficiencies of multiple reactors with different geometries,
hydraulic properties and levels of energy consumption using different levels of water
quality.
Sterilight, Inc [10] designed new PLATINUM reactors for residential usage, using
advanced CFD to optimize fluid flow path, which ensured ultraviolet light more





Ultraviolet (UV) disinfection involves the usage of the ultraviolet portion of
electromagnetic (EM) spectrum to inactivate the adverse human health effects, associated
with the presence of pathogenic microorganisms in food, water, or air. In most cases, the
mechanism for UV disinfection generally involves photochemical damage to the genetic
material such as DNA or RNA [1].
Genetic material is highly susceptible to physical and chemical agents, because damage
to just one of the many genes of an organism can lead to loss of viability or infectivity.
DNA (Deoxyribonucleic acid) is a nucleic acid polymer in a double-stranded helix linked
together by a sequence of four constituent bases (adenine, cytosine, guanine, and
thymine), which constitute the genetic code. In most form of life, it is double-stranded,
with hydrogen bonds linking the adenine on one strand to the thymine on the opposite
side. It basically consists of a linear chain of nitrogen bases known as the purines
(adenine and guanines) and pyrimidines (thymine and cytosine) [2]. These compounds
are linked along the chain by sugar-phosphate components. The purine and pyrimidines
combinations are called base pairs. These nucleic acid bases are very efficient at
absorbing energy between 200nm and 300nm region of the ultraviolet spectrum. When
DNA or RNA absorbs ultraviolet light of this region, the hydrogen bond between the
base pairs is ruptured, and pyrimidine cyclobutane dimer is formed, linking the two bases
together. In short, UV light kills microorganisms by attacking the genetic information in
their DNA, as shown in Figure 2.1. This formation of dimers between pyrimidines
(thymine and cytosine in DNA, and uracil and cytosine in RNA) in genetic material
shows the photodamage effect of UV radiation. The thymine dimer in DNA is then
formed by photochemical dimerization of two thymine bases, shown in Figure 2.2. This
dimmer, and similar uracil dimer in RNA, if left unrepaired, can interfere and deter the
polymerizing enzymes that use DNA and RNA as templates for replication, and thus
inactivate the organisms. The inability of the pathogen to reproduce itself is an indication
ofUV effectiveness. Even though damage occurs from 200nm to 300nm, the molar mass
of the DNA molecule has peak absorbency at approximately 260nm.
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Figure 2.1: UV Light Effects on DNA ofMicroorganisms
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Figure 2.2: Photochemical Dimerization Process
Monochloramine Optimum Wavelength: 245nm
2NH2Cl + HOCI UV - N2 -t 3HCI f H2C
Dichloramine Optimum Wavelength: 297nm
NHCI2 + OH UV CISN + H20
CL/J + NHCI4 UV- CI2N-NHCI + CI
CI3N-NHCI-HCI UV- CI-N =N-CIUV N2 + 2CI
Trichloramine Optimum Wavelength: 340nm
2NCI, + 60H--HCI UV N2
- 40CI - 3HCI + 2HaO
2HOCI UV - 2HCI
+ 02
Figure 2.3: UV Photochemical Process
UV-C is the germicidal ultraviolet or short wavelength UV spectrum of 253.7nm, or in
the region of 200 to 280nm. It is very effective in inactivating germs such as bacteria,
viruses, mold, fungi, and spores in air, surface, and water that cause allergies, trigger
asthma attacks, or cause other unhealthy effects. Although unintentional overexposure to
this UV spectrum might cause skin redness and eye irritation, it does not cause skin
cancer or cataracts. This spectrum destroys the DNA of these microbial contaminants,
rendering them sterile. If microbes are irradiated with enough dosage from germicidal
UV, they can no longer reproduce and over time disappear from the indoor environment.
Figure 2.4: Basic UV Irradiation Process
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2.2 GERMICIDAL UV TECHNOLOGY
There are four different features ofUVC Technology [2] :
1 . Basic direct air and surface sterilization. Unprotected UV lamps irradiate air and
surfaces in direct view of the lamp.
2. Reflecting direct air and surface sterilization. Unprotected UV lamps irradiate air
and surfaces in direct view of the lamp, utilizing reflector too direct the UV light
to a specific area.
3. Indirect air irradiation. Enclosed UV lamps irradiate the air that passes through
the UV unit. Air can either be moved by a fan or natural air convection. Since this
unit is turned on constantly in occupied room, the light has to be enclosed or
diffused. Therefore, these units cannot be utilized for surface sterilization.








Figure 2.5: Aspects ofUVC Technologies
UV technologies have become widely recognized as dependable tools in the inactivation
of pathogens and chemical contaminants in our water. For the sterilization ofwater, high
output mercury discharge lamps, enclosed in stainless steel hermetical chamber, are used
to generate radiation that artificially creates UV light when electrons in orbit around the
mercury nucleus are excited by successfully higher voltages.
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2.3 UV LAMPS
There are two types of UV lamps. These two types are low-pressure and medium/high-
pressure UV lamps. These UV radiating mercury lamps are similar to fluorescent lamps
in appearance. However, they lack the internal phosphors coatings that are present on
fluorescent lamps. In addition, they are housed in fused quartz rather than glass. The
germicidal effectiveness of these two types of lamps is further shown in Figure 2.6.
Low-pressure (LPHO - Low Pressure High Output) lamp is often referred to as
monochromatic lamps at 254nm. It emits radiation spectrum with intense peak at UV
wavelength of 254nm. Its vapor pressure of mercury at its operating temperature of
around 40F is 7 x 10"3torr, which is the optimum for the most efficient production of
resonance radiation.
Medium-pressure (MPHO - Medium Pressure High Output) lamp, on the other hand,
emits lights at many wavelengths. It is also considered as high-pressure mercury lamp in




torr, with its operating temperature region of
1,112F- 1,472F.
From research conducted by NYC Department of Environmental Protection (IUVA
Northeast Ultraviolet Disinfection Conference on May 27, 2004), the production of
germicidal UV light in the medium-pressure lamp is very inefficient. Only approximately
9% of total radiation generated by the medium-pressure lamp is UV-C, compared to 40%
generated by the low-pressure lamp. Under continuous usage, the low-pressure lamp has
9 times longer useful life than medium-pressure lamp, as shown in Table 2. 1 . Equipment
and operating costs for low-pressure UV lamp are also lower than the medium-pressure
one. This is as shown in Table 2.2. Due to operational, costs, and effectiveness
considerations, the most common type and more widely used UV lamp to sterilize our
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Figure 2.6: Typical Commercial UV Lamp Outputs
Courtesy ofAmerican Air & Water Corporation.
UV Lamp Type




Low Pressure 40% 9,000 hr
Medium Pressure 9% 1,000 hr






UV Equipment Cost lower higher
Overall Construction Cost ofUV Facility same










Life Cycle Cost (Present Worth)
Table 2.2: Cost Comparison between LPHO and MPHO Lamps
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2.4 UV DOSE (FLUENCE)
UV Dose or Fluence (D), preferably expressed in SI units
J/m2
(= 0.1 mJ/cm2), is the total
radiant energy of all wavelengths passing from all directions through an infinitesimally
small sphere of cross-sectional area dA, divided by dA [5]. UV intensity or fluence rate
(I), expressed in W/m , is described as the total radiant power incident from all directions
through an infinitesimally small sphere of cross-sectional area dA, divided by dA.
dA
Figure 2.7: UV Dose or Fluence Concept
Therefore, UV dose can also be considered as the product of UV intensity (fluence rate)
and the irradiation or UV-exposure time, UV dose
=
Intensity
* Time. In ideal UV
disinfection systems, fluids are thoroughly mixed and uniform dosage distributions are
achieved. Therefore, ideal, or average, UV dose in a system can also be obtained by
multiplying the average UV intensity (Iavg) within the volume of the system with the
average residence time (tavg),
UV Dose, Davg T
* t
xavg lavg (2-1)
Ideally, the average intensity can be found by integrating the UV intensity (I) distribution
within the volume of the reactor and dividing by the reactor volume (V),
^=Us\idv (2-2)
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For simple reactor models, the average residence time can be found by dividing the
volume of the reactor (V) with the flow rate of flowing fluid (Q), or by dividing the







Basically, the intensity of a UV lamp can be calculated by dividing the UV bulb output
power Pb by the surface area. In order to produce more accurate representation of the UV
dose equation, the Beer-Lambert Law is taken into account. This law takes into
consideration of the linear relationship between absorbance and concentration of
absorbing species in Equation 2-4 [15]. The Bouguer-Beer-Lambert Law further
describes that as parallel beam ofmonochromatic radiation or UV light passes through a
non-diffusing medium, the fraction of light absorbed by each layer of solution is the same.
In addition, as the distance of absorbance layer increases, the intensity of medium











Figure 2.8: Absorption ofUV light by sample
A = slc = al (2-4)
where A is the absorbance (unitless), 1 is the path length of sample, s is the molar
absorbivity, c is the concentration of compounds in solution, and a is the absorbance co
efficient.
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= -A = -al+ %T = \00xl0-A,oT%T =
\00xe-al
(2-5)
The absorbance co-efficient a ofUV light at 254nm and 100% Transmittance, expressed
in base e, is measured to be [16]:
a254nm= 2.303-2.3
Therefore, the generalized equation of the radial intensity of the UV lamp can be
expressed as shown below in Equation 2-6:





where the path length, 1 = r - RB, and RB <r < Rp
The generalized equation of the UV dose in a UV disinfection system can be expressed as:
p




The degree of disinfection or inactivation of germs by ultraviolet radiation is dependent
of the UV dose applied to the water. The most accurate way to determine the effects of
fluence on pathogens or microorganisms is by conducting bioassay (validation)
experiments, which is further discussed in the following two sections.
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2.5 COLLIMATED BEAM APPARATUS
Collimated Beam apparatus is a device used in defining the precise fluence (UV dose) of
radiation to a stirred biological sample, by creating a parallel beam of UV light to
uniformly irradiate the sample in a Petri dish, under a predetermined period of exposure
time. This apparatus consists of a UV lamp, which is enclosed in a ventilated, light-tight
upper cabinet above two concentric holes, and a long UV collimator, connected to the
enclosure. A quartz window over the hole transmits the UV light, but blocks drafts that
might affect the operating temperature of the bulb. A magnetic stirrer is used to ensure
microbiological suspension of sample receives uniform light absorbance.
Figure 2.9: Irradiance Concept
Since the inner walls of the collimator are painted flat black, any UV light that hits the
wall is absorbed. Therefore, when sample (preferably biodosimetry influent sample) is
placed at the end of the collimator, a reasonably uniform collimated beam of UV light
irradiate the microorganisms in it. This can be further illustrated in Figure 2.9. Using a
shutter and stop watch, the length of
time a sample is exposed to the UV light can be
measured and controlled. The amount of UV dose or fluence that the biological sample
receives can then be varied by adjusting the irradiation exposure time under the beam
(Fluence = irradiance
*
time). It is also calculated using the intensity of the incident UV
light, the UV absorbance of the water, and the exposure time of the sample. The resulting
UV dose-response curve is generated, from the data obtained from the collimated beam
test, to show the relationship between the varying amount of fluence and the
17
corresponding log reduction of microorganisms in exposed sample. More details are





T T T T
Lamp Enclosure
Collimating Tube
UV Light @ 254nm
Magnetic Stirrer
Figure 2.10: Collimated Beam Apparatus
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2.6 BIOASSAY AND REDUCTION EQUIVALENT DOSAGE (RED)
Bioassay or Biodosimetry (validation) experiments are conducted to determine the
biological effects of fluence to pathogens or microorganisms. In a nutshell, it measures
the inactivation of the challenge microorganism by the UV systems under continuous-
flow test conditions. The performance of the experiments can be assessed by counting the
numbers of viable microorganisms before and after the UV light exposure. Following
testing procedures and guidelines thoroughly are very crucial in ensuring accurate results.
The challenge organisms that are used in the bioassay testing can be either indigenous to
water being treated, or added to system, through injection or mixing. Since the most
commonly used challenge organisms are the coliphage MS-2, which are virus from E.
Coli and the spores of a bacteria called Bacillus subtilis, this organisms are used
throughout this research project for biological testing. They are introduced into the
system by means ofmixing (Refer to Chapter 5: Experimental Study).
The Reduction Equivalent Dosage (RED) can be obtained from the fluence-response
curve of the collimating beam studies, and the survival fractions (N/N0) of organisms in
samples, for each operating condition. The RED of MS2 challenge microorganisms for




3.1 A TYPICAL UV DISINFECTION SYSTEM
The purpose of a UV disinfection system is to reduce the number ofviable pathogens in a
fluid stream to an acceptable level. The design of a typical UV system is shown in Figure
3.1 . A UV bulb or lamp, housed in clear quartz tube, is placed at the center of the reactor
or pipe. While water is flowing inside the reactor system, the UV irradiates the organisms
in the flowing water. Some important factors that influence the UV dose distribution in
disinfection system are the UV bulb radius Rb, UV output Power Pb, pipe radius Rp,







Figure 3.1: Typical UV Disinfection System Process
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3.1.1 COMMERCIAL UV DISINFECTION SYSTEM




(Refer to Figure 3.2). It consists of
304-Stainless Steel chamber that is electro-polished and passivated to provide better UV
absorbance in the flowing water. Water enters the system through the inlet, flows through
the annular space between the quartz sleeve and the chamber wall, and then exits through
the outlet as shown in Figure 3.3. In the reactor chamber, the germicidal UV lamp,
protected by the quartz sleeve, irradiates the exposed flowing water. Water leaving the
purifier is immediately ready for use. Translucent sight port is provided to indicate
correct operation of germicidal lamp. Some applications of this unit include for home
water well, laboratories, farms, ranches, and others.
':,
r Ufr,
Figure 3.2: Atlantic UV Commercial Model MP36B












Figure 3.3: Section Views ofCommercial Model
Courtesy ofAtlantic Ultraviolet Corporation
Specifications MP36B Model
1 . Maximum Recommended Flow Rate 12GPM = 720GPH
2. Maximum Recommended Operating Pressure lOOPsi
3. Maximum Pressure Drop (@ Max. flow rate) 5Psi
4. UV Germicidal Output Power 13.8 Watts
5. Inlet / Outlet Size (male pipe threads) 1"NPT





Height = 9 -
l/2"
7. Shipping Data
Gross Wt. = 301bs.




Table 3.1: Commercial Model Specifications
The distribution of the UV dose or fluence in this system is extremely non-uniform. At
distances away from the light, the dosage will be too low to kill the microorganism. As a
result a high amount ofpower is needed in such a system for an effective treatment.
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From Equations 2-6 and 2-7, the maximum intensity of the UV bulb that is absorbed by
the water, can be considered as,
p
I = ^ (3-1)max
2nRBL
K
Following Equation 2-6, the intensity of the UV bulb that is absorbed by the water
flowing through the annular space in the commercial system, can be determined as
follows (Refer to Figure 3.1),





The residence time or UV-exposure time of the flowing water can be calculated by
dividing the volume of the reactor with the volumetric flow rate of flowing fluid, refer to
Equation 2-3, to yield,
Time,f =gfe-^ (3-3)
Q
Therefore, UV dose or dosage distribution that the flowing water receive in this
commercial system can best be described with the following function,
Dosage,^ = / t =
?B^ glie-('-), where RB <r<RP (3-4)
2Qr
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3.2 OFF CENTER UV DISINFECTION SYSTEM
The Off Center UV disinfection system incorporates an offset UV lamp placement, a
tangential inlet, and a parallel outlet. It is developed in order to improve dosage
distribution and energy performance or power consumption of a current commercial
model, while keeping their UV power at 13.8W, flow rate at 720GPH, and overall
dimensions. For this system, a stronger UV intensity field is established around the area
of the offset bulb. As water enters the pipe tangentially, a stronger vortex flow through
system is generated. The vortex motion will force the flow to circulate around the area of
the bulb, forcing the flowing water to pass through the small gap between the lamp and
wall more often, and expose it to a higher and uniform dosage from the UV light (Figure
3.3). This vortex motion is the similar to what a static mixer may produce, but the
pressure drop relatively will not increase due to the same flow cross-sectional area as the
comparable commercial system. Thus, power consumption can be decreased. By
developing a correlation between its power consumption, and ultraviolet output, energy




























Figure 3.3: Off Center UV System Process
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From equation 2-6, the intensity of the UV bulb that is absorbed by the water flowing
through the annular space in the OffCenter System, can be calculated as,
2nrL










Therefore, UV dose or dosage distribution that the flowing water receive in this off-
center system can best be described with the following function,





Exposure time t can be determined using computational analysis in FLUENT software.
The Differences in the Distribution of UV Dose of the Commercial and Off Center
models are shown below in Table 3.2.
Distribution ofUV Dose, D





RB: Radius ofUV Bulb
Rp: Radius ofPipe
7r(R2P-R2B)L









r = ^{X-X0)2+(Z-Z0f ,RB<r<Rp







D= f fB e-2*r-RB)mdt
Jo 2*rL
Exposure time t at each point per particle
(for Fluent CFD Model)
Refer to Equation 3-10 and Section 4.9
Table 3.2: UV Dose Distribution in Commercial and OffCenter Systems
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3.2.1 DESIGN OVERVIEW OF OFF CENTER SYSTEM
The Off Center system consists of a chrome-plated 304 stainless steel shell (4in outside
diameter (OD), 0.083in wall thickness (WT), and 30.5in length), a UV Bulb (0.8in OD)
-
0.9in offset from center, a tangential inlet (lin ID), an outlet (lin ID). It has the outlet and
UV Bulb placed 0.9in and -0.9in off-center respectively. Using PRO/ENGINEER
software (version 2001 through Wildfire), components of Off Center UV systems were
designed and assembled as shown in Figures 3.4 through 3.9.
Specifications Off-CenterModel
1 . Maximum Recommended Flow Rate 12GPM = 720GPH
2. Maximum Recommended Operating Pressure lOOPsi
3. Maximum Pressure Drop (@ Max. flow rate) 5Psi
4. UV Germicidal Output Power 13.8 Watts
5. Inlet / Outlet Size (male pipe threads) 1"NPT
Table 3.3: OffCenter SystemModel Specifications
Figure 3.4: Isometric View ofOffCenter System Assembly
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UV LAMP IN QUARTZ SLEEVE
'








Figure 3.5: Side View ofOffCenter System
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3.3 COMPONENTS OF OFF CENTER UV DISINFECTION SYSTEM
3.3.1 LAMP
Low-pressure 13.8W UV lamp made of superior hard quartz glass is used. It is more
resistant against lamp solarization (darkening of the lamp's glass due to operating
conditions inside the lamp), compared to soft glass, and thus has higher useful lamp life.
A germicidal ultraviolet lamp is similar to a fluorescent lamp in appearance. However, it
has no internal phosphors coatings, and is housed in fused quartz sleeve rather than glass,




Figure 3.6: Germicidal Ultraviolet Lamp
UVLamp Specifications
1 . Lamp Part Number Atlantic UV Ster-L-Ray Lamp # 05-1343
2. Nominal Length 860 mm = 33-7/8 in
3. Power Consumption 39 Watts
4. Ultraviolet Output (max. @ 254 nm) 13.8 Watts
5. Rated Effective Life 10,000 hours
Table 3.4: Germicidal Ultraviolet Lamp Specifications
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3.3.2 CHAMBER
This Off Center chamber consists of inlet connector, sight port, two flanges, and ballast
holdings that are welded to main tubing. The chrome-plated shell or tubing is made out of
304 Stainless Steel that is electro-polished and passivated. The inlet connector is made
out of stainless steel with male pipe threads, and is welded 2in from the front and
tangential to the shell, as shown in Figures 3.11 and 3.12. The welded flanges are
described more in the following section.
SIGHT PORT
Figure 3.7: Front View ofChamber
FLANGE2 (2) EACH END
BALLAST HOLDINGS
Figure 3.8: Isometric View ofChamber
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Chamber Components Specifications
1 . Tubing Diameter OD
= 4.0in
2. Tubing Length 30.5 in
3. Tubing Wall Thickness 0.083 in
4. Inlet Connector (male pipe threads) ID
= 1.0in
5. Ballast Holdings Length = 1 8in
6. Flanges (2) Flange2 - refer to Section 3.3.3
7. Sight port OD = 1.0in
Table 3.5: Chamber Design Specifications
3.3.3 Flanges
Using 304 Stainless Steel, four flanges of three different designs (flangel, flange2, and
flange3) are fabricated to ensure waterproof-tightness of chamber and easy-disconnect or





Two flange2 parts are welded at each end of the chamber, while flangel and flange3 are
easy-connect or disconnect to flange2 parts. Lamp connectors are welded at both flangel
and flange3. Parallel outlet and drain are also welded to flange3. Refer to Figures 3.4 to
3.9. The three different designs, created using PRO/ENGINEER software, are shown in
Figures 3.13 through 3.16, and Table 3.6.
Inlet Flangel (1 part)
- Figure 3.14 Specifications
1. Stock 0 = 6.0in, Thickness
= 0.35in
2. Hole Diameter (8) 0 = 0.375in
3. Hole (1) X = -0.9in, 0 = 0.875in
4. Lamp Connector (male pipe threads) OD=1.0in
Chamber Flange! (2 parts)
- Figure 3.15 Specifications
1. Stock 0 = 6.0in, Thickness
= 0.35in
2. Hole Diameter (8) 0 = 0.375in
3. Hole (1) D
= 4.0in
4. O-Ring Groove OD
=
4.50in, ID
= 4.20in, 0.125 depth
Outlet Flange3 (1 part)
- Figure 3.16 Specifications
1. Stock 0 = 6.0in, Thickness = 0.35in
2. Hole Diameter (8) 0
= 0.375in




4. Lamp Connector (male pipe threads) OD=1.0in




6. Outlet Connector (male pipe threads) ID=1.0in
7. Drain (male pipe threads) ID
= 0.25in
Table 3.6: Flange Designs Specifications
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3.4 SYSTEM PERFORMANCE
There are two methods to evaluate the system performance for the models used in this
research. One is by calculating the energy savings using average dosage values obtained
for the CFD and experimental results in the Commercial and OffCenter models. Another
is by utilizing specifications by the National Sanitation Foundation and American
National Standards Institute (NSF/ANSI Standard). The minimum-dosage efficiency
method focuses only on the energy calculations based on the percentage of UV dose
values fallen under the minimum
400J/m2
UV dose value specified by the NSF standard.
Therefore, in this research project, the average-dosage efficiency method is used.
3.4.1 AVERAGE-DOSAGE EFFICIENCYMETHOD
The average-dosage efficiency method is preferred to the minimum-dosage one for this
project, because it takes into account the UV dose distribution in the models. Referring to
Equations 3-2 through 3-6, the UV dose energy absorbed by the microorganisms can be
considered as exponential functions of the output power emitted by the lamp and the
radial distance of particle from the source. Theoretically, the instantaneous dosage value
received for each point in Commercial and Off Center models can be obtained from
previous Equations 3-4 and 3-7. Dosage Equation 3-8 caters only to Commercial model,
while Dosage Equation 3-9 of the Off Center model can also be used for the Commercial
one.


















In CFD calculations, average dosage value for each case is determined by dividing the
total dosage value with the number of particles injected Nicies, as shown in Equation 3-
10.














2^ J / e dt
i=i, 2?iyj(x -x0) +{z z0) L
'a , nine in
n = ? At = -













FLUENT software computes the integration of Time Step Size At based on a specified
Length Scale AL, and the velocity of the particle wp and of the continuous phase uc, as
shown in Equations 4-9 and 4-13. Specifications of the Length Scale AL, Time Step Size
At, and number of time steps n of a particle trajectory in FLUENT is explained further in
Sections 4.5.2 and 4.9.
The average dosage values for the biodosimetry tests were calculated by the survival
fractions or log reductions of the microorganisms in specific operating conditions for
each case, utilizing the previously obtained UV dose-response curve. Refer to Chapter 5.
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In order to asses the system performance or any improvements, a comparison between the
OffCenter and Commercial systems was expressed as:










The Energy Savings ES calculation utilized in the CFD and experimental results for the






























Computational Fluid Dynamics (CFD) analysis is a relatively new approach in designing
UV disinfection systems, to improve system performance, and reduce high experimental
costs of building and operating prototype systems for each preliminary design concept.
CFD modeling is used to simulate the hydrodynamics and UV dose distributions in both
Commercial and Off Center UV disinfection systems, by solving the Navier-Stokes and
continuous equations that govern the 3D flow within the systems, with appropriate
boundary conditions. In this project, commercial CFD code FLUENT software (versions
6.1 to 6.3) is used. GAMBIT software, a companion package to FLUENT, provides the
capabilities of geometry generation or import, and mesh generation.
FLUENT software is also used to perform trajectory calculations of particles, to simulate
pathogens in the water, by solving equations ofmotion for a given particle in steady-state
flow. Radiation model in FLUENT is also used to simulate ultraviolet light radiation.
The Discrete Ordinate (DO) Radiation Model includes the effect of discrete second phase
of particulates on radiation (all other sources of scattering in gas phase are neglected) to
yield average UV dose values in both systems. This radiation model is chosen for this
analysis, because it is the only model that spans an entire range of
optical thicknesses and
solves problems ranging from surface-to-surface, semi transparent media, to participating
radiation.
By incorporating the Beer-Lambert law into the UV intensity calculation approach
together with the microbial disinfection kinetics in Fluent, UV dose distributions in both
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systems can be modeled. Flow within the prototypes is observed to determine the most
efficient flow and dose absorption of microorganisms. The Off Center optimal system
design was derived from the CFD analyses of design concepts, constructed, and tested as
a prototype pilot-scale system. The resulting predicted performance improvement in the
Off Center design, from to the Commercial unit, was then compared to the bioassay
results.
4.1.1 FLUID FLOWMOTION
Reviewing fluid motion of control volume of infinitesimal dimensions (refer to Figures
4.1 and 4.2), the conservation of mass and Navier-Stokes differential equations are as

























Figure 4.2: Control Volume ofMomentum Equations (x-y plane.)
The principle behind conservation ofmass equation is that the rate of creation ofmass is
difference between mass flow out and mass flow in, which is zero. Mass flux crossing the





+ V-(pv) = 0 (4-1)
The momentum equation is derived from Navier-Stokes equation as rate of momentum
creation as the difference between the momentum flow in and the momentum flow out.
DV , -
p + Vp = u
V2















dy dz dz dx
(4-3)
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The principle behind the energy conservation equation demonstrates a fundamental
concept that within a specifically defined control volume, the amount of energy remains
constant, and energy is neither created nor destroyed, but can be converted from one form
to another. The general energy equation for viscous flow is expressed in Equation (4-4),
where O is the viscous dissipation.
D f
p (e +P/p)-V-kVT-V- Y^Yjie +PI p)j Vwy
Dt y j
DP
-/i<D S = 0
Dt
(4-4)
The mass conservation, conservation of momentum, energy conservation equation, and
Discrete Ordinate (including particulate effects for an absorbing, emitting, and scattering
medium) equations being solved in FLUENT, are as shown in equations 4-5, 4-6, 4-7,
and 4-8 respectively. The source Sm is the mass added to the continuous phase from the
dispersed second phase, such as due to vaporization of liquid droplets, and any other
user-defined sources. Radiation concept in Fluent is further illustrated in Figure 4.3.

































Absorption coefficient due to presence ofparticulates
Refractive index
Effective conductivity, (k+ k, )
Energy transfer due to conductivity
Turbulent conductivity
Diffusion flux of species j












Energy transfer due to viscous dissipation
Stefan-Boltzmann constant (5.672 x 10-8 W/m2-K4)















Figure 4.3: Process ofRadiative Transfer
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4.2 MODEL GENERATION
4.2.1 OFF CENTER MODEL
The Off Center system consists of a 4-in stainless steel chamber with an offset UV bulb,
a tangential inlet, and an axial outlet, as illustrated in Figure 4.4. Inlet connector is
welded tangentially on the shell at a distance from the front face of the system, while
outlet connector is welded to the flange connected to the end of the shell. Water enters
the reactor chamber through the tangential inlet, flows through the annular space between
the off-set UV lamp and the inside diameter of the pipe, and exits through the axial outlet.
Due to clearance issues that have arisen, calculations were performed to measure the





Figure 4.4: Front View ofOffCenter Model
Using pre-processor Gambit software, the geometry model was simplified as a
combination of four different cylindrical volumes - inlet, outlet, shell, and UV bulb, as
specified in Table 4.1, with all connected and welded flanges neglected. Since the ratio of
the wall thickness to the model dimension was very small, the addition of the wall
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thickness would provide little impacts on the results, and thus can be neglected. All
dimensions should be kept consistent in terms of inches, because Gambit does not
support units. The three volumes (inlet, outlet, and shell) were first assembled or united
as a single volume, and then this combined volume was subtracted by the volume of the
UV bulb, to obtain Figure 4.5.
Another modeling scheme can be performed by dividing the final volume into three
separate
"connected"




Coordinates Radiusl Height direction
1. Shell (Chamber) (0,0,0) 2 30.5 Positive Y
2. UV Bulb (-0.9,0,0) 0.45 30.5 Positive Y
3. Inlet Connector (-1.5,2,0) 0.5 3 Positive Z
4. Outlet Connector (0.9,30.5,0) 0.5 3 Positive Y
Note: Radius2 is left blank to create solid volumes ofRadiusl.
Table 4.1: Off-CenterModel Specifications
L > x
k
Figure 4.5: Multiple Views ofOffCenter Model in Gambit
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4.2.2 COMMERCIAL MODEL
The Atlantic UV Commercial system was used as a benchmark UV system in this
research. It consists of a 4in stainless steel chamber with central placement of UV bulb,
and perpendicular inlet and outlet, as illustrated in Figure 4.6. Water enters the reactor
chamber through an axial inlet, flows through the annular space between the center UV




Figure 4.6: Front View ofCommercial Model
Applying similar approach as previous section, geometry
model is also simplified to
neglect wall thickness of the system, considering its effects as negligible. Four cylindrical
volumes (inlet, outlet, shell, and UV bulb) of varying height and radius were created in
Gambit, as specified in Table 4.2. Following the same procedure as previous section
4.2.1, the three volumes (inlet, outlet, and shell) were first united as
a single volume, and





Coordinates Radiusl Height direction
1. Shell (Chamber) (0,0,0) 2 30.5 Positive Y
2. UV Bulb (0,0,0) 0.45 30.5 Positive Y
3. Inlet Connector (0,2,0) 0.5 3 Positive Z
4. Outlet Connector (0,28.5,0) 0.5 3 Positive Z
Note: Radius2 is left blank to create solid volumes ofRadiusl.
Table 4.2: Commercial Model Specifications
k




In order to obtain a reasonably accurate solution, it is very important to produce good
quality meshing. As previously described in previous section, Off Center system was
modeled as a combined volume of four different components. Due to the irregular surface
cuts from the inlet connector and the UV bulb, on the chamber, several mapping
algorithms and volume meshing schemes like Cooper were tried, and were either
unsuccessful or generated highly skewed elements. Therefore, TGrid meshing scheme
was utilized, and model was meshed with Tetrahedral/Hybrid elements, as illustrated in
Figure 4.8. Using an interval count of 30, the system model has 213,654 tetrahedral,
hexahedral, and wedge volume elements. Its quality of equi-angle skew below 0.4 was
found to be 87.6%, which shows good quality meshing.
Figure 4.8: Multiple Views ofOffCenter Meshed Model
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GAMBIT is a pre-processor package to FLUENT software. Therefore, FLUENT should
be chosen under the
"Solver"
command. Boundary conditions were then applied to
appropriate faces of the Off Center model geometry. Velocity inlet boundary condition
was imposed on the top face of the inlet connector, while pressure outlet boundary
condition was imposed on the end face of the outlet connector, as shown in Figure 4.9.
Finally, model was exported as a 3D mesh file, to be imported into FLUENT for the
processing stage to obtain solutions. If left unspecified, no-slip wall boundary condition
was applied, by default, on the wall of the system, while fluid was generated as the
default continuum of the model.
Pressure Outlet Face
Velocity inlet Face
Figure 4.9: Boundary Conditions in OffCenter Meshed Model
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4.3.2 COMMERCIAL MODEL
Similar meshing strategy was applied to the Commercial model, as described in previous
section for the Off Center Model. The Commercial model was also modeled as a
combined volume of four different components. Irregular surface cuts from the inlet
connector and the UV bulb also posed a problem for this model. Several approaches were
performed to utilize the Cooper scheme, such as by splitting the volume into three
"connected"
volumes and utilizing the mapping algorithm. However, considering the best
option, TGrid scheme was chosen, and model was meshed with Tetrahedral/Hybrid
elements, as shown in Figure 4.10. In order to maintain consistency, an interval count of
30 was applied to the volume meshing, which generated 240,649 tetrahedral, hexahedral,
and wedge volume elements. The model is acceptable and has good quality meshing,
because over 86.3% of its elements fall below 0.4.
Figure 4.10: Multiple Views ofCommercial Meshed Model
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As explained in previous section,
"FLUENT"
was chosen as the solver being used in the
processing and post-processing stages. Same boundary conditions were applied to the
Commercial model geometry. The top face of the inlet connector and the end face of the
outlet connector were specified with velocity inlet and pressure outlet boundary
conditions respectively, as illustrated in Figure 4.1 1.
Commercial model was then exported as a 3D mesh file, to be imported into FLUENT
for the processing stage to obtain solutions. Since they were left unspecified, the wall of
the system model and the continuum were specified, by default, as no-slip wall boundary
condition and fluid respectively.
Pressure Outlet Face
Velocity inlet Face
Figure 4.1 1 : Boundary Conditions in Commercial Meshed Model
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4.4 PROPERTIES AND CONDITIONS
4.4.1 FLUID PROPERTIES
In both Commercial and Off Center systems, flowing water, containing microorganisms,
enters and passes through the UV system chambers to be disinfected by the UV lamp,
before exiting and ready for immediate use. Standard properties of the flowing water
were as shown in Table 4.5 below:
Fluid Properties Water
1 . Density, p (kg/m3) 998.2
2. Specific Heat, Cp (J/kg-K) 4182
3. Thermal Conductivity, k (W/m-K) 0.6
4. Viscosity, p. (kg/m-s) 0.001003
5. Molecular Weight, co (kg/kmol) 18.0152
Table 4.3 : Properties ofFlowingWater
4.4.2 FLOW PHYSICS
As water flows into the chamber, it will circulate around annular space between the
outside diameter of the quartz sleeve, containing the UV lamp, and the inner diameter of
the pipe, before finally exiting through the outlet. Due to the offset placement of the UV
lamp and tangential inlet, flow in the off-center design is expected to be more turbulent
and more frequent around the outer diameter of the lamp section of the annular space in
which water is flowing.
The basic fluid mechanics of the flowing water is calculated prior to using computational
software. The first step taken was to determine the inlet velocity of the water for both
systems. Using maximum flow rate value of 720 GPH from the existing model, the fluid
(water) velocity entering the inlet was found to be 1 .49m/s, as shown below:
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Conversion ofVolumetric Flow Rate:
720GPH = 720/60 GPM = 12GPM
12GPM = 12 * 3.785
*10"3
/ 60 m3/s = 7.57e-4 m3/s
Equation 1 : Volumetric Flow Rate ? Q = V = VA
nD2
Equation 2: Cross Sectional Area ? A =
4
Inlet Velocity, Vin




Vin = 1.49 m/s
Mean Velocity, Vm
= (7.57e-4 m3/s) / {n
* {[(3.8*0.0254m)2]-[(0.9*0.0254m)2]}/ 4}
= 0.109608 m/s
Vm = 0.11 m/s
The next step was to determine whether the flow was laminar or turbulent. Reynolds
number was calculated using the equation below, to show that flow was turbulent
throughout the pipe.
pVD





Laminar Flow: Re < 2300
Transitional Flow: 2300 < 2300 < 4000

















(l*0.0254m)] / (0.001003 kg/m-s)
= 3.7665* 104
TurbulentRe = 3.77e+4
Equation 4: Kinematics Viscosity ? v =





From previous Chapter, a generalized equation of the UV intensity approach can be







For Commercial Model: RB<r<Rp, with off-set placements (Xo, Zo)
=
(0, 0)
For Off-Center Model: off-set placements (X0, Z0)
= (-0.02286, 0)
Using the following specifications: (Refer to Table 3.2)
UV Lamp Power, PB
= 13.8 W
Length, L
= 30.5 in = 0.7747 m
UV Lamp Radius, RB
= 0.45 in = 0.01 143 m
Pipe Radius, RP
= 2 in = 0.0508 m
UV Lamp Placement (Commercial Model)
=
(X0 = 0, Z0 = 0)




-0.9 in = -0.02286 m, Z0 = 0)
PB/(2*pi*L)
= 2.8351
Volumetric Flow Rate, Q
= 720 gph = 12 gpm = 0.000757 m3/s
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Using previously described Equation 3-2, ultraviolet radiation intensity in Commercial
system can be described analytically as a function of radius in Figure 4.12 below.
p










Radial Intensity ofCommercial System
Power = 13.8 W
0.01 0.02 0.03 0.04 0.05 0.06
Radius (m)
Figure 4.12: Functions ofRadius in Commercial System (RP
=
2in)
Both commercial and OffCenter system can also be generalized as functions of
x- and z-
coordinates, as follows:







































Time ofUV radiation exposure for each particle with its specific time step was obtained
from FLUENT. Utilizing Equation 3-10, the dosage value of each specified time or
length step was calculated and accrued to yield an average dosage value. Refer to Section
4.9.
4.4.3 BOUNDARY CONDITIONS
Boundary conditions in FLUENT for both Commercial and Off Center design models
were set the same, as shown in Table 4.4. Water (liquid H2O) was utilized as the main
primary fluid in the system. Inlet and outlet faces were specified as Velocity inlet and
Pressure outlet respectively. 1 .49m/s of water velocity was applied to the Velocity inlet,
while Pressure outlet was taken as free surface (P = 0 arm). Isothermal was assumed for
the fluids flowing through the reactor, and thus temperatures at inlet and outlet were kept
at 300K.





Temperature (K) 300 300
Turbulence Intensity (%) 10 10
Hydraulic Diameter (in) 1 1
Table 4.4: Boundary Conditions
When the values of the hydraulic diameters are changed from lin to 3.8in, no apparent
changes were found in the fluid behavior solutions and values. All walls around the shell,




FLUENT software package is a powerful fluid analysis tool being used for the processing
and post-processing stages in solving for the Commercial and Off Center models. In
order to keep uniformity, both models followed the same approach and procedure for
both stages. Mesh files for both three-dimensional models were imported or
"read"
into
FLUENT 3D. Grids were checked to ensure that there were no negative areas or volumes
in models. Although pre-processor GAMBIT does not support unit, but all dimensions
were kept consistent, with specific units in mind. Since geometry models were designed
in inches and FLUENT deals in metric system, grids were scaled from inches to meter.
When the
"Smooth/Swap"
grid command was chosen, no highly skewed elements were
found to be swapped.
The second step taken in this processing stage was by defining the solver, model,
properties, and conditions under the
"define"
tab in FLUENT. A segregated steady-state
model solver, with Cell-Based implicit formulation in 3D space (absolute velocity and
superficial porous velocity formulation) was specified. Energy equation was enabled.
Discrete Ordinate Radiation Model with angular discretization of theta divisions, phi
divisions, theta pixels, and phi pixels of 2,2,1,1 respectively. Since flow in both systems
was found to be turbulent (refer to Section 4.4.2), k-epsilon (2-eqn) viscous model was





TKE Prandtl Number = 1
TDR Prandtl Number = 1.3
Energy Prandtl Number
= 0.85
Wall Prandtl Number = 0.85
Water (liquid H2O) was also as the material or fluid continuum, as specified in previous
Section 4.4.1 and Table 4.3. Boundary conditions for the velocity inlet and pressure
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outlet were also specified following Section 4.4.3. Fluids were specified as the continuum,
and the walls were set-up as no-slip stationary wall.
As the next step, solution controls and monitors were set-up under the
"Solve"
tab in
FLUENT. For the solution controls, the discretization chosen was for standard pressure,
SIMPLE pressure-velocity coupling, and second order upwind for momentum, turbulence
kinetic energy, turbulence dissipation rate, and energy. Since problems being solved were
generally simple with no twisting geometries, adverse effects, and converging problems















If divergent or unstable behavior was observed, the standard under-relaxation factors
should be reduced. However, since the residuals were stable for both models, and did not
increase after the first 5 iterations, the above under-relaxation was kept the same
throughout. In order to monitor how the models converged, the residual monitors for
both cases were turned on by checking the
"Plot"
box. Models were then initialized using
the velocity inlet, iterated for 600 iterations, and converged at around 400 iterations.
When the numbers in the convergence criteria were lowered, and the models were
iterated again for additional 400 iterations, very small changes in solution values
occurred. Therefore, the cases were confirmed to be converged, and solutions were
accepted to be reasonably accurate.
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4.5 RESULTS AND POSTPROCESSING
4.5.1 SOLUTION OVERVIEW
Using Lagrangian discrete phase model, hydrodynamics and UV dose characteristics can
be captured through particle tracking. There are two different approaches (coupled or
uncoupled) in obtaining the solution for the Commercial and Off Center UV models
using the discrete phase model in FLUENT.
In uncoupled approach, a two-step procedure is performed in the case of discrete phase at
a low mass and momentum loading. First, continuous phase flow field is solved, without
the effect (uncoupled) of pathogens simulated as particles. Then, particle trajectories for
discrete phase injections of interest are set-up, and plotted or reported. Injections
properties can be easily modified without solving the continuous flow field all over again.
In coupled approach, the continuous flow field is also first solved prior to the
introduction of the discrete phase. Particles trajectories are then set-up for discrete phase
injection. Together with discrete phase trajectories in modified continuous phase flow
field, the continuous phase flow is recalculated using inter-phase exchange ofmomentum,
heat, and mass determined during previous particle calculation, until a converged solution,
where both continuous phase flow field and discrete phase particle trajectories remain
unchanged with each additional iteration calculations, is achieved. Any modifications in
properties of injections can only be implemented by recalculating the continuous phase
flow field again, using the inter-phase exchange ofmomentum, heat, and mass previously
determined, until solution converges again.
Steady-state, 3D Standard k-s, segregated solver was used to solve a number of case
studies of both Commercial and Off Center systems. After continuous phase flow field
was solved for different models, residual plots for the off-center and commercial models
were obtained as shown in Figures 4.13 and 4.14 respectively. Uncoupled approach takes
less CPU resources, with its injections properties easily modified without resolving the
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continuous phase all over again, compared to the coupled approach. Since the solid mass
flow rate of the discrete phase was less than 20% of the continuous one (fluid mass flow
rate), or ratio ofmass flow rates between the discrete and continuous phases was less than
0.2, the continuous phase was not largely affected by the discrete phase. Therefore, at










Stakd *C5i*ialJ Oct 33.3001
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Iterations
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Figure 4.14: Residual Plot for Uncoupled Approach in Commercial Model
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4.5.2 PARTICLE TRACKING
Particle-Tracking for discrete phase model is utilized to obtain position vectors with
respect to residence time. Particles were set-up to be very small (around le-09 meter). In
FLUENT, the trajectory of a discrete particle (pathogen simulation) was evaluated by
integrating the force balance on the particle, done in Lagrangian reference frame. This
force balance, or the particle inertia with forces acting on the particle, is the sum of the
drag force per unit particle mass FD, gravity force (zero for this case), and additional
forces Fx. The x-direction force balance equation (in Cartesian coordinates) being solved
is as shown in Equation 4-9 below:
duP rp ( \ Sx(Pp~P)
L = FD[u-up)+ p- +
dt p
(4-9)
The drag force per unit particle mass FD can be evaluated as shown in Equation 4-10.
P,d\ 24
Other forces Fx in the Particle Force Balance Equation 4-9 are compromised of "virtual
mass"
force and force due to pressure gradient. The "virtual
mass"
force, as shown in
Equation 4-1 1, is the force required to accelerate the fluid surrounding the particle, and is
important whenp > pp .















= Fluid phase velocity
= Particle velocity
M = Molecular viscosity of fluid




Re = Relative Reynolds number, Re =
CD
= Drag coefficient, CD = a, +
-^- + -^_















= 0.0964 + 0.5565^









^ = Shape factor, ^ =
o
s
= Surface area of a sphere, with same volume as particle
5*
= Actual surface area ofparticle
In order to control the time integration of the Particle Trajectory Equation 4-9, the Length
Scale AL is specified to set the time step for integration within each control volume, and
the maximum number of time steps n is specified to abort trajectory calculations when
particle never exits the flow domain. Therefore, FLUENT computes the integration of
Time Step Size At as follows:
At =-^- (4-13)
up+uc
Particle positions are always computed when particles enter or leave a cell. Since length
scale is proportional to the integration time step and is equivalent to the distance that the
particles travel before its motion equations are solved again and its trajectory is updated,
the smaller the value of the length scale is, the higher the accuracy of the trajectory and
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heat/mass transfer calculations for the discrete phase. Thus, the dose distribution of UV
light within the Commercial and Off Center disinfection systems can be obtained by
implementing the particle tracking parameters such as the particle positions and time
steps calculated by FLUENT into the UV Dosage Distribution program, as explained
further in Section 4.9.
With maximum number of steps of
105
and length scale of 0.39in, interaction with
continuous phase and particle radiation participation are applied to the discrete phase
model. Four different plane surfaces are created for post processing (refer to Table 4.5).
Particle paths can be seen from the sample tracking of fifty particles, as shown in Figures
4.15 and 4.16.
Plane Off-Center Commercial (X0,Y0,Z0) (X1,Y1,Z1) (X2,Y2,Z2)
Inlet S S (10,2,10) (10,2,0) (0,2,-10)
Va ? V (10,7.5,10) (10,7.5,0) (0,7.5,-10)
Center
?"
V (10,15.25,10) (10,15.25,0) (0,15.25,-10)
Va ? S (10,23,10) (10,23,0) (0,23,-10)
Outlet ? V (10,30.5,10) (10,30.5,0) (0,30.5,-10)
Parallel-in </ (-1.5,0,10) (-1.5,32,10) (-1.5,0,-10)
Parallel-out S (0.9,0,10) (0.9,32,10) (0.9,0,-10)
Parallel V (0,0,10) (0,32,10) (0,0,-10)























Particle Traces Colored by Particle Residence Time (s) Jan 28. 2006
FLUENT 6.1 (3d, segregated, ske)























Particl* Traces Colored by Particle Residence Tim* (s) Jan 28. 2006
FLUENT 6.1 (3d. segregated, ske)
Figure 4.16: Sample Inlet Injection ofFifty Particles in Commercial Model
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4.6 VELOCITY
4.6.1 OFF CENTER MODEL
The velocity distribution of the fluid flowing in the Off Center system model is displayed
in Figure 4.17. The highest magnitude of velocity of 2.02 m/s can be found near at the
inlet plane (near surface of the UV bulb), and at the outlet plane. Refer to Figure 4.18.
Fluid enters the chamber tangentially, and circulates around the annular space between
the outer surface of the UV bulb and chamber inner wall many times before exiting out
through the parallel outlet. The strong vortex motion generated forces all parts of the
flowing fluid to be keep circulating around the UV lamp throughout the chamber, in
contact with the high intensity at the outer surface of the lamp. This is further illustrated
in Figures 4.19 through 4.24.
Velocity Vector; Colored By Velocity Magnitude (':j Oct 33, 2005
nrjOTT 6.1 (3d. segregated, ske)




Contours ofVelocity Magnitude (m/s) Oct 29. 2005
FLUENT 6.1 (3d, segregated, ske)
Figure 4.18: Velocity Contour Plot ofx-z Planes in OffCenter Model
Three different vortex motions are observed. One of them circulates around the UV bulb
closely, which is expected to be exposed to high UV intensity throughout. The second
motion circulates between the small gap and near the inner surface of the pipe. The third
vortex motion is generated between the big gap and the inner surface of the pipe. These
motions are better illustrated in Figures 4.19 through 4.24. These vortex motions are
maintained throughout the length of the Off Center system, and ensure more particles to





Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)




i f' t It!
Velocity Vectors Colored By Velocity Magnitude (m/s) Nov02.2005
FLUENT 6.1 (3d. segregated, ske)
Figure 4.20: Zoomed Velocity Vectors of Inlet x-z Plane in OffCenterModel
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Velocity Vectors Colored By Velocity Magnitude (m/s) Nov02.2005
FLUENT 6.1 (3d, segregated, ske)
























Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29, 2005
FLUENT 6.1 (3d. segregated, ske)
Figure 4.22: Velocity Vectors ofQuarter x-z Plane in OffCenter Model
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Velocity Vectors Colored By Velocity Magnitude (m/s)
Figure 4.23: Velocity Vectors ofThree-Quarter x-z Plane in OffCenter Model
Nov 02, 2005
FLUENT 6.1 (3d, segregated, ske)
xmz
Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29, 2005
FLUENT 6.1 (3d. segregated, ske)
Figure 4.24: Velocity Vectors ofOutlet x-z Plane in OffCenterModel
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4.6.2 COMMERCIAL MODEL
The velocity distribution of the fluid flowing in the current system model is displayed in
Figure 4.25. The highest magnitude of velocity of 2.08m/s, relatively the same value
found in the Off Center system, can also be found near at the inlet plane (near surface of
the UV bulb), and at the outlet plane. As fluid enters the chamber, vortex motion at the
inlet plane is observed as shown in Figure 4.26, with parts of fluid in contact with the
high intensity region near the UV lamp. However, the motion dissipates and fluid starts
flowing in parallel direction of the length of the chamber towards the outlet. Fluid near
the inner wall of the chamber, or even in the middle of the annular space between the
outside surface of the quartz sleeve and the inside surface of the chamber, is not in
contact with high UV intensity at the surface of the bulb. This is further illustrated in
Figures 4.27 through 4.30.
k.
Velocity Vectors Colored By Velocity bbgnkude (m/s) Oct 22. 2003
FLUENT 6.1 (3d. segregated, ske)

























Contours ofVelocity Magnitude (m/s) Oct 29. 2005
FLUENT 6.1 (3d. segregated, ske)









Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)






Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)
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Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29. 2005
FLUENT 6.1 (3d, segregated, ske)
Figure 4.29: Zoomed Image ofParallel Flow in Commercial Model
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Velocity Vectors Colored By Velocity Magnitude (m/s) Oct 29. 2005
FLUENT 6.1 (3d. segregated, ske)
Figure 4.30: Velocity Vectors ofOutlet x-z Plane in Commercial Model
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4.7 PRESSURE
4.7.1 OFF CENTER MODEL
As fluid flowing in the chamber, the pressure distribution of the Off Center model is as
shown in Figure 4.31. Even with the fluid running at its maximum flow rate of 12gpm in
the chamber, no high pressure drop is obtained. The highest pressure region, of 2.57kPa,
can be found at the top surface of the UV lamp at inlet plane. This is further illustrated in
Figure 4.32. The pressure drop in the system model is calculated to be 2187.49Pa, or
0.317psi.
Contours of Static Pressure (pascal) Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)
























Contours of Static Pressure (pascal) Oct 29. 2005
FLUENT 6.1 (3d. segregated, ske)
Figure 4.32: Pressure Contour Plot ofx-z Planes in Off-CenterModel
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4.7.2 COMMERCIAL MODEL
As fluid flowing at its maximum flow rate of 12gpm in the chamber, the pressure
distribution of the Commercial model is as shown in Figure 4.33. No high pressure drop
is obtained. The highest pressure region, of 3.04kPa, can also be found at the top surface
of the UV lamp at inlet plane. This is further illustrated in Figure 4.34. The pressure drop

























Contours of Static Pressure (pascal) 0ct 29. 2005
FLUENT 6.1 (3d. segregated, ske)

























Contours of Static Pressure (pascal) Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)
Figure 4.34: Pressure Contour Plot ofx-z Planes in Off-Center Model
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4.8 UV INTENSITY
UV Intensity is previously defined as the total UV radiant power incident from all
directions through an infinitesimally small sphere of cross-sectional area dA, divided by
dA. Referring to previous Sections 2.4 and 4.4.2, and Equations 3-5 and 3-6, intensity of
the UV lamp is calculated as a function of radius. As the distance from the UV lamp
increases, the amount of the UV intensity generated by the lamp decreases.
UV intensity can be implemented in FLUENT in two ways. One way is to include the
function with the UV Dosage Distribution Program that will be discussed later on in
Section 4.9. The other way is by incorporating them as custom field functions in
FLUENT.
Commercial System: (Refer to Equations 3-5 and 3-6)










A (- 2.3 * (Radius - 0.01 143))
Off Center System: (Refer to Equations 3-5 and 3-6)












A (- 2.3 * (Radius - 0.01 143))
Contour plots of the UV intensity in OffCenter and Commercial model are as shown in
Figures 4.35 and 4.36, while histogram plots of the UV intensity in OffCenter and
























Contours of intensity Oct 29. 2005
FLUENT 6.1 (3d, segregated, ske)













































Contours of intensity Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)
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Histogram of intensity Oct 29, 2005
FLUENT 6.1 (3d. segregated, ske)






















Histogram of intensity Oct 29, 2005
FLUENT 6.1 (3d, segregated, ske)
Figure 4.38: Histogram Plot ofUV Intensity Distribution in Commercial Model
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4.9 UV DOSAGE DISTRIBUTION PROGRAM
UV Dosage Distribution Program was developed using C Programming language, to be
used in conjunction with the discrete phase injection model properties in FLUENT. This
program calculates UV intensity and dose distribution in both commercial and off-center
model, with varying or user-defined variables such as placement, power, and length of
UV lamp. Its algorithm is versatile and can be used to generate results for other
hermitically-enclosed single-UV-lamp disinfection models.
Utilizing Equation 3-10 and implementing the particle parameters as stated in Section
4.5.2, the program receives user-defined parameters and generates the following basic

























Therefore, the average dosage results in the Commercial and Off Center
models for each
separate case can be determined by dividing the total UV Dosage values DT with the



















file can be read back into FLUENT, with its results
displayed as histogram plots in FLUENT. Screenshots of the initialization of the UV
Program is shown in Figures 4.39 and 4.40. Refer to Appendix A for source code of
program.
Properties ofEach Particle Parameter Inputs:
X-, Y-, Z- coordinates






C:\Documents and Settings\Nancy\Desktop\UVPrograni.exe - n x
WELCOME
TO
UU DOSAGE DISTRIBUTION PROGRAM
* (c> n.goenfliMn
Power of UU Lanp (U> : 13.8
Location of UU Lamp (n) :
(default X = -0.9in = -0. 02286m)
(default Z = Bin = 0.0000n)
Mould You Like to Change these values? (y/n): n
Revised Location of UU Lamp (meter):
X = -0.022860
Z = 0.000000
M-M-M HMH mHHHt). K-M-M-H-M-M-M M M M W M K W-W^M-M^M-jeH-X-tt^-tt
Please enter input data name
default- inter ior.dpm_
Figure 4.39: UV Dose Distribution Screenshots for OffCenter UV System
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C:\Documents and Se 'VProgram.exe . D'X
UELCOME
TO
UU DOSAGE DISTRIBUTION PROGRAM
* (c> n.goenauan
Power of UU Lanp (U): 13.8
Location of UU Lanp (n):
(default X = -0.9in = -0.02286m)
(default Z = 0in = 0.0000m)
Jould You Like to Chanye these values? (y/n): y
leu X (in neter) = 0
leu Z (in neter) = 0
Lsed Location of UU Lanp (neter):
0.000000
0.000000
Please enter input data name
def au It-interior
-dpn_
Figure 4.40: UV Dose Distribution Screenshots for Commercial UV System
The
"interiorsum"
file is the step-by-step report of calculations performed to obtain the
total UV dose value of each particle. The file is the largest in size and is mainly created to
make program more robust, and can be referred to in the events of calculation inquiries.
The
"output.dpm"
file is the main resultant file generated to be read back by FLUENT. It
contains properties of injection particles together with calculated radius, UV intensity,




file is created to show the varying properties of the particles since the start
of injection time to the time they left the chamber. The properties as shown in the
different columns (from left to right) are the x-coordinate, y-coordinate, z-coordinate,
velocity u in x-direction, velocity v in y-direction, velocity w in z-direction, diameter,
temperature, mass-flow rate, time, and name of the different particles. A sample of the
file can be seen as below in Figures 4.41 and 4.42:
E temp - Notepad
QBE'
Fte Eat For ii*at
-4.8260e-02
View Help
S.0SO0e-O2 7.6200e-62 -3.6773e-04 3. 5794e-04 -1.4885e+00 1. 0000e-06 3.00006+02 5.0000e-01 3.10566-04 n ect1on-l:0 a
-4.8260e-02 5.0800e-02 7. 5737e-02 2.6401e-03 1.6157e-04 -1.4897e+00 1. 0000e-06 3.00006+02 5.00006-01 3.4865e-04 n ect1on-l:0
-4.8258e-02 5.0800e-02 7.4125e-02 2.2599e-03 3.0749e-03 -1.4896e+00 1. 0000e-06 3.0000e+02 5.0000e-01 1.4235e-03
n:
ect1on-l:0
~4.8258e-02 5.0800e-02 7.4081e-02 6.1776e-04 3.2091e-03 -1.4863e+00 1. 00006-06 3.0000e+02 5.0000e-01 2.2192e-03
n:
ect1on-l:0
-4.82576-02 5. 0803 6 -02 7. 2897e-02 5.48386-03 5.2465e-03 -1.48976+00 1. 0000e-06 3.000O6+02 5.0000e-01 3.0289e-03
n;
ect1on-l:0
-4.8255e-02 5.0806e-02 7.1692e-02 1.1062e-03 1.1243e-03 -1.4930e+00 1. 0000e-06 3.0000e+02 5. 0000e-01 3. 5365e-03 rv ect1on-l:0
-4.82536-02 5.08O8e-O2 7.0935e-02 4.6979e-03 -2.4681e-03 -1.4839e+00 1. 0000e-06 3.00OOe+O2 5.0000e-01 4.43846-03
n:
ect1on-l:0
-4.82506-02 5.08O7e-O2 6.9593e-02 1. 9128e-03 3.7795e-03 -1. 5022e+00 1. 0000e-06 3.0000e+02 5.0000e-01 5.6116e-03
n:
ect1on-l:0
-4.82466-02 5.0808e-02 6. 7841e-02 5.0387e-03 -1. 5900e-03 -1.4867e+00 1. 0000e-06 3.00006+02 5.0000e-01 5.7380e-03
n:
ect1on-l:0
-4.8244e-02 5.0808e-02 6.5740e-02 7.7727e-03 -1.8358e-03 -1.4892e+00 1. 0000e-06 3.0000e+02 5.0000e-01 7.1133e-03
n:
ect1on-l:0
-4.82446-02 5.08086-02 6. 5607e-02 5.8403e-03 2.7229e-03 -1.4936e+00 1. 0000e-06 3.0000e+02 5.0000e-01 8.1281e-03
n:
ect1on-l:0
-4.8237e-02 5.0809e-02 6.4094e-02 6.3387e-03 l.O808e-03 -1.4950e+00 1.0000e-06 3.O0OOe+O2 5.0000e-01 8.1573e-03
n;
ect1on-l:0
-4.8237e-02 5.08096-02 6.4050e-02 7.0841e-04 2.8784e-02 -1. 5121e+00 1.0000e-06 3.0000e+02 5.00006-01 8.8985e-03
n:
ect1on-l:0
-4.82356-02 5.0820e-02 6. 2936e-02 -4.2604e-03 4.8507e-03 -1.4 5186+00 1.0000e-06 3.0000e+02 5.0000e-01 9.11366-03
n:
ect1on-l:0
-4.82356-02 5.0823e-02 6. 2617e-02 1.1746e-02 1.1069e-02 -1. 5295e+00 1.0000e-06 3.0000e+02 5.00006-01 1.0251e-02 IT ect1on-l:0
-4.8231e-02 5.0832e-02 6. 0922e-02 -7.7551e-03 -1. 6077e-03 -1.45546+00 1. 0000e-06 3.0000e+02 5.0000e-01 1.1347e-02 rv ect1on-l:0
-4.82286-02 5.0838e-02 5.92856-02 1.0495e-02 4.7783e-03 -1. 5340e+0O 1.0000e-06 3 . 00006+02 5.0000e-01 1.1769e-02 rv ect1on-l:0
-4.8224e-02 5.0840e-02 5.6920e-02 1.2389e-02 6.03946-03 -1.5354e+00 1. 0000e-06 3.0OOOe+02 5.0000e-01 1.3164e-02 n ect1on-l:0
-4.8224e-02 5.08406-02 5.6573e-02 -8. 60106-03 -5.7315e-03 -1.4604e+00 1. 0000e-06 3.00006+02 5.00O0e-01 1. 31696-02
n:
ect1on-l:0
-4.8224e-02 5.0840e-02 5.6566e-02 1.1752e-02 5.3853e-03 -1. 5163e+00 1. 0000e-06 3.0000e+02 5.0000e-01 1. 3313e-02 n ect1on-l:0
-4.8223e-02 5.0840e-02 5.6351e-02 -7. 0622e-03 7.4171e-03 -1. 5012e+00 1. 0000e-06 3.0000e+02 5.00006-01 1.3401e-02 n ect1on-l:0
-4.82186-02 5. 0836e-02 5.4 304e-02 -9.4764e-03 2.2016e-02 -1.50746+00 1. 0000e-06 3.0OOOe+02 5.00006-01 1.5395e-02 n ect1on-l:0
-4.8216e-02 5.0839e-02 5.3243e-02 S.6823e-03 -2.85656-03 -1.4747e+00 1. 0000e-06 3.00006+02 5.0000e-01 1.54356-02 n ect1on-l:0
-4.8216e-02 5.0839e-02 5. 3183e-02 -2.2294e-03 1.36496-03 -1. 5161e+00 1. 0000e-06 3.0000e+02 5.00006-01 1.605 5e-02
n;
ect1on-l:0
-4.8215e-02 5.0839e-02 5.2256e-02 1.18316-04 8.1586e-03 -1.44066+00 1. 0000e-06 3.0000e+02 5.0000e-01 1.6942e-02 n ect1on-l:0
-4.82166-02 5. 084 3 e -02 5.0944e-02 -S. 32256-03 -2.1258e-02 -2.17136+00 1.0000e-06 3.00006+02 5.0000e-01 1. 7073e-02 n ect1on-l:0
-4.8216e-02 5.0842e-02 5.0708e-02 6.301Se-02 2.0210e-02 -1.4384e+00 1. 00006-06 3.0000e+02 5.00006-01 1.7355e-02
n:
ect1on-l:0
-4.8208e-02 5. 084 2 e-02 S.0199e-02 -1.0090e-01 6.7973e-03 -2.1797e+00 1.0000e-06 3.0000e+02 5.0000e-01 1.7582e-02 n ect1on-l:0
-4.8221e-02 5.0860e-02 4.8471e-02 -9.6742e-02 6.6405e-03 -2.1692e+00 1.0000e-06 3.0000e+02 5.0000e-01 2.0367e-02
n*
ect1on-l:0
-4.8235e-02 5.0891e-02 4 . 5691e-02 1.1311e-01 4.1787e-02 -1. 5449e+00 1.0000e-06 3.00006+02 5.0000e-01 2.04866-02
n'
ect1on-l:0
-4.8234e-02 5.0894e-02 4.5470e-02 -8.1703e-02 -1. 0729e-02 -2.1877e+00 1.0000e-06 3.0000e+02 5. 0000e-01 2.0788e-02 n'_ ect1on-l:0
Figure 4.41: Sample
"temp.txt"
File of a Particle in Off-Center Injection
C1
temp Nolcpatl BBEl
Fte Edt Format View Help
3.34246+00 1. 00006-06 2.9999e+02 5.0000e-012.0214e-02 8.14236-01 1. 2107e-02 -7.6609e-O2 1.64 586+01 6.08316+00 1n ect1on-l:0 a
1.9989e-02 8.15766-01 1.2123e-02 -1.1638e-01 1.6703e+01 3.3706e+00 1. 00006-06 2.9999e+02 5.0000e-01 6.0844e+00 In ect1on-l:0
1.9941e-02 8.16086-01 1.2125e-02 -2.0004e-01 -1.4332e+01 -3.3264e+00 1.0000e-06 2.9999e+02 5.0000e-01 6.0846e+00 1n ect1on-l:0
1.9855e-02 8.1660e-01 1. 2128e-02 -2.7411e-01 1.6862e+01 3.3297e+00 1.0000e-06 2.9999e+02 5.0000e-01 6.0851e+OO In ect1on-l:0
1.9593e-02 8.1819e-01 1. 2121e-02 -1. 6719e-01 -1.3757e+01 -3.3499e+00 1. 0000e-06 2.9999e+02 5.0000e-01 6.08636+00 1rv ect1on-l:0
1.9576e-02 8.1830e-01 1. 2120e-02 -3.19506-01 1.60506+01 3.2395e+00 1. 0000e-06 2.9999e+02 5.0000e-01 6.08646+00 1n ect1on-l:0
1.9561e-02 8.1837e-01 1. 2116e-02 -1. 0730e-01 -1. 3669e+01 -3.30536+00 1. 0000e-06 2.9999e+02 5.0000e-01 6.0864e+00 1n ect1on-l:0
1.94 59e-02 8.1891e-01 1.2113e-02 -3.4359e-01 1. 59426+01 3.2022e+00 1. 0000e-06 2.9999e+02 5.0000e-01 6.0869e+00 1n ect1on-l:0
1.9382e-02 8.1944 6-01 1.211 5e-02 2. 2163e-02 -1.3032e+01 -3.1575e+00 1. 0000e-06 2.9999e+02 5.0000e-01 6.0873e+00 1n ect1on-l:0
1.9221e-02 8. 2066e-01 1. 2116e-02 1.0114e-01 -1.3443e+01 -3.0714e+00 1.0000e-06 2.9999e+02 5.00O0e-01 6. 0883e+OO
1n:
ect1on-l:0
1.9146e-02 8. 2121e-01 1.211 5e-02 1.14 31e-01 -1.3280e+01 -3.033Oe+OO 1.0000e-06 2.9999e+02 5.0000e-01 6.0886e+00 In ect1on-l:0
1.8907e-02 8. 2308e-01 1.2106e-02 -5.3090e-01 1. 5631e+01 3.0111e+00 1. 0000e-06 2.9999e+02 5.0000e-01 6.0901e+00 1n ect1on-l:0
1. 88916-02 8.2322e-01 1.2105e-02 -5.44446-01 1.54 826+01 2.95886+00 1.0000e-06 2.9999e+02 5.00O0e-01 6.09026+00 1n ect1on-l:0
1.88726-02 8.2336e-01 1. 2104e-02 -5.6795e-01 1. 5486e+01 2.9273e+00 1.0000e-06 2.9999e+02 S.0000e-01 6.0904e+00 1n ect1on-l:0





















-2.79446-02 5 . 0798e-02 7.29906-02 -4.0052e-03 -1.48456-03 -1.48516+00 1.0000e-06 3.0000e+02 5. OOOOe -01 2.9686e-03 1n ect1on-l:l
-2.7945e-02 5 . 0796e-02 7.1781e-02 -2.9902e-03 -7.7349e-05 -1.4975e+00 1.0000e-06 3 . 0000e+02 5.0000e-01 3.1831e-03 W ect1on-l:l
-2.7946e-02 5 . 0796e-02 7.1461e-02 -6.8641e-03 -1.1394e-03 -1.48016+00 1.0000e-06 3.0OOOe+O2 5.0000e-01 3.7515e-03
1n'
ect1on-l:l
-2.79486-02 5.0796e-02 7.0615e-02 -2.9863e-03 -2.7590e-03 -1.4974e+00 1.0000e-06 3.0OOOe+02 5.0000e-01 4.31546-03
In1
ect1on-l:l
-2.7955e-02 5.0794e-02 6. 7764e-02 -2.8221e-03 -2.9090e-03 -1.4972e+00 1.0000e-06 3.0O0Oe+02 5.0000e-01 5.8218e-03 1n ect1on-l:l
-2.7955e-02 5.0794e-02 6.7536e-02 -3.6531e-03 1.2064e-03 -1.48846+00 1. 0000e-06 3.0000e+02 5.0000e-01 5.8392e-03 1n ect1on-l:l
-2.7955e-02 5.0794e-02 6. 7510e-02 -2.8247e-03 -4.7802e-03 -1.48736+00 1. 0000e-06 3.0000e+02 5.0000e-01 6. 5724e-03 1n ect1on-l:l
-2.7958e-02 5.0793e-02 6. 6419e-02 -6. 50O4e-03 3.7929e-03 -1.4933e+00 1. 0000e-06 3.00006+02 5.0000e-01 6.9698e-03 1n ect1on-l:l
-2.7960e-02 5.0793e-02 6. 5827e-02 -2.2915e-03 -3.5850e-03 -1.4799e+00 1. 0000e-06 3.0000e+02 5.0000e-01 7.6464e-03 1n ect1on-l:i
-2.7968e-02 5.0793e-02 6. 3001e-02 -4.2859e-03 -4.1612e-03 -1.48086+00 1. 0000e-06 3.00OOe+O2 5.0000e-01 8.914 5e-03 1n ect1on-l:l
-2.7968e-02 5.0793e-02 6. 2930e-02 -4.0969e-03 5.0787e-O3 -1.4956e+00 1.0000e-06 3.0000e+02 5.0000e-01 9.6727e-03 1n ect1on-l:l
-2.7971e-02 5.0794e-02 6.1801e-02 -6.034 5e-04 -2.6376e-03 -1.4665e+00 1. 00006-06 3.00OOe+02 5. OOOOe -01 1.0288e-02 1n ect1on-l:l
-2.7973e-02 5.0795e-02 6. 0890e-02 1.9236e-04 1.0829e-02 -1.46456+00 1.0000e-06 3.00006+02 5.0000e-01 1.03336-02 1n ect1on-l:l






is comprised of summarized calculated output file that can be opened in
Excel file for quick plotting. The properties as shown in the different columns (from left
to right) are the x-coordinate, y-coordinate, z-coordinate, time, radius, intensity, dosage,
cumulative dosage of each particle, and name of the different particles. A sample of the
file is also shown below in Figure 4.43.
T> graph - Notepad

















































































































































































































































































































































































































































































































File ofDifferent Particles in OffCenter Injection
82
I^B^WleiH. ll
9 I* E* Mew Insert Fann* look Q*a undow ijefc Aaoget . B X
m *k 10 * D / I W 9 SS $ % M ;S * .^. ;
lJ sa 3 - as.
SB.
P80 *
A B c 0 E F G H T
1 X V i time radius intensity total dosage name
2 2 74E-02 B.2SE-01 9.5DE-03 745E-KD 512E-02 5.06e->0t 427EKE mjectionO:0
3 289E-02 6.24E-01 898E-03 7.33E*O0 525E^2 4.91E-01 4.21E<02 m}ection4): 1
4 2.76E-C2 8.25E-01 9.22E4B 736EO0 513E-02 504E-K11 4 21 E-02 rnfectioivO:2
5 277E4E B-2SE-01 B.73E-03 76BE4O0 514E-02 5.04E401 4 60ED2 intection4]:3
6 279E4E 8.25E-01 9.49E-03 6 89E-KD 5 16E-02 5 01E+01 3 81E-02 injeciiorvO 4
7 272E4C 8.24E-01 950E-03 739E-KB 5 10E-02 SOBEiOl 425E-KD injectiOfvOS
8 27BE-02 8.25E-01 9 46E-03 7.32E-KB 5.15E.02 502E1O1 4 21E-KE injection4]:6
9 275E-02 B.25E-01 9.47E-03 701E-KJ0 512E4D 5.05E-tO1 369E02 mjecliotvO 7
10 2.77E-02 B25E-01 9.52E-03 7 54E-KI3 5.15E4E 5fJ2E-(01 4 35E-I02 injeclton08
11 1.79E-02 6.2564)1 1.14E-02 5786-KB 4.24E-02 6.236-01 314Ei02 injection43:9
12 1.31E-02 6 24E01 793E-03 S81E-KD 3.68E-02 7.26E-101 3 12E<02 injectionO:10
13 2.72E-02 B.25E-01 9.10E4I3 660E-KD 5.09E-Q2 5 08E<01 3 67E-KE injectJonO:11
14 1.19E4E 8.25E-01 663E-03 6.23E-KD 354E-02 757E<01 3.23E-KQ injecuonO:12
15 9Z3E-03 B.24E-01 525E-03 657E-KD 326E-02 8.31E<01 340E<02 injecltorvO 13
16 9.56E-03 B.2SE-01 -3.33E-G4 5.84E-KD 324E-02 8.33E-I01 324E-KB injectionO:14
17 661E4Q 8.25E-01 -1 35E-C3 7.23E->00 315E-02 8.59E-101 3.85E102 injectiorvO 15
16 1.93E-02 8.23E-01 1.2SE-02 598E00 445E-02 5 91E-K11 3.29E<02 injectionO:16
19 948E-03 825E-01 44DE-04 6 55E-HD 323E-Q2 835E-KJ1 3.42E-4C injecliOfr0:17
20 272E-02 8.25E-01 -283E-03 5.76E-.00








iniection0:1921 1 16E-02 8.25E-01
22 4B1E-02 191E-03 476E4J3 3.86E-K11 711E-02 348E-KI1 2.0EEKQ injectiorvO 20
23 167E-G2 5.91E-03 4.79E-02 389E<01 6.21E-02 406E-KJ1 2 10E-KB mjectionO-^t
24 104E-C2 8.23E-01 -7.79E-03 82SE<00 342E-02 7.87E-I01 4.936402 mjection-022













28 -3.57E-03 5.10E4J3 -5.06E-02 3.77E-01 541E-02 475E+01 2.02E-KQ injecliooO 26
29 2.56E4B 5.50E<Q 5 0BE-02 381E+01 SBSE<n 4S1E+01 203E103 injectioM):27
30 4.34E4E 2.23E-03 219E-02 387E-KJ1 696E-02 355E-KI1 207E103 injeciiorvO 28
31 3.626-02 382E<0 3.55E-02 3.68E-101 689E-B2 3S0E+O1 2.07E-IO3 injecliofvO 29
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4.10 CASE STUDIES RESULTS
One Commercial Case Study produced up to 600,000 data points, with up to 400MB of
file size, while one Off Center Case Study produced up to 3millions data points, with up
to 800MB of file size. Each data points were generated with each varying variables of
x-
coordinate, y-coordinate, z-coordinate, velocity u in x-direction, velocity v in y-direction,
velocity w in z-direction, diameter, temperature, mass-flow rate, time, and name, in the
trajectory paths of the injections. Five cases were studied for each model for varying
injection particles of 600 through 2000. From Table 4.6 and 4.7, average UV Dose values














1-COM 32.605 7.506 642.315 600
2-COM 32.663 7.553 650.100 800
3-COM 32.681 7.793 653.462 1000
4-COM 32.732 7.557 647.431 1200
5-COM 32.713 7.560 645.030 1500
6-COM 32.676 7.673 648.160 2000
Average 32.68 7.61 647.75










1-OC 60.386 15.175 846.478 600
2-OC 59.647 14.854 829.137 800
3-OC 59.816 14.857 828.352 1000
4-OC 59.812 15.010 837.972 1200
5-OC 59.822 14.949 832.086 1500
6-OC 59.747 14.907 831.236 2000
Average 59.87 14.96 834.21
Table 4.7: OffCenter DPM Model
The new Off Center system is expected to produce around 29% more efficient, as shown
in Table 4.8.
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CASE 1 (600 injection particles)
Model UV Output UV Dose Log Reduction Dosage/UV Output UV Output/Dosage Efficiency Power Savings
(W) (J/m2) (Log No/N) (s/m2) (m2/s) (%)
1. Commercial 13.8 642.315 3.197 46.5446 0.0215
2. Off Center 13.8 846.478 4.177 61.3390 0.0163 0.32 31.79
CASE 2 (800 injection particles)
Model UV Output UV Dose Log Reduction Dosage/UV Output UV Output/Dosage Efficiency Power Savings
(W) (J/m2) (Log No/N) (s/m2) (m2/s) (%)
1. Commercial 13.8 650.100 3.234 47.1087 0.0212
2. Off Center 13.8 829.137 4.094 60.0824 0.0166 0.28 27.54
CASE 3 (1000 injection particles)
Model UV Output UV Dose Log Reduction Dosage/UV Output UV Output/Dosage Efficiency Power Savings
(W) (J/m2) (Log No/N) (s/m2) (m2/s) (%)
1. Commercial 13.8 653.462 3.250 47.3523 0.0211
2. Off Center 13.8 828.352 4.090 60.0255 0.0167 0.27 26.76
CASE 4 (1200 injection particles)
Model UV Output UV Dose Log Reduction Dosage/UV Output UV Output/Dosage Efficiency Power Savings
(W) (J/m2) (Log No/N) (s/m2) (m2/s) (%)
1. Commercial 13.8 647.431 3.221 46.9153 0.0213
2. Off Center 13.8 837.972 4.136 60.7226 0.0165 0.29 29.43
CASE 5 (1500 injection particles)
Model UV Output UV Dose Log Reduction Dosage/UV Output UV Output/Dosage Efficiency Power Savings
(W) (J/m2) (Log No/N) (s/m2) (m2/s) (%)
1. Commercial 13.8 645.030 3.210 46.7413 0.0214
2. Off Center 13.8 832.086 4.108 60.2961 0.0166 0.29 29.00
CASE 6 (2000 injection particles)
Model UV Output UV Dose Log Reduction Dosage/UV Output UV Output/Dosage Efficiency Power Savings
(W) (J/m2) (Log No/N) (s/m2) (m2/s) (%)
1 . Commercial 13.8 648.160 3.225 46.9681 0.0213
2. Off Center 13.8 831 .236 4.104 60.2345 0.0166 0.28 28.25
AVERAGE =
Table 4.8: CFD Results between Commercial and OffCenter Systems
28.8
Histogram plots of the UV Dose Distribution in both Commercial and Off Center case
studies are shown in Figures 4.46 through 4.57. The histogram plots of the Commercial
model are somewhat symmetrical (single-peak percentages), with their highest and
lowest values found in particles traveling nearest and most further from UV bulb, along
the length of the chamber respectively. Their highest (peak) percentages of the UV dose
distribution are found in particles traveling at the middle between the outer surface of the
bulb and the inner surface of the chamber. On the other hand, the histogram plots of the
Off Center model show two-peak percentages, with their highest (peak) and lowest (peak)
values found in particles traveling in vortex motions nearest and most further from UV
bulb, along the length of the chamber respectively. The least percentages of the UV dose
85
distribution are found in particles traveling at the middle annular space between the outer

















250 500 760 1e-t03 1.26e-t03 1.5e+03 1.75e-HJ3 2e403 2.25e-t03 2.6m03
total_dosage
Histogram of total_dosage Jan 25. 200*
FLUENT 0.1 (3d. segregated, ske)
















250 500 760 le-nM 1.26e*03 1.5ei03 1.75e-t03 2<h03 2.25e-t03 2.5e+03
total_dosage
Histogram of total_dosage Jan 26. 2006
FLUENT 8.1 (3d. segregated, ske)
















260 600 760 1e4)3 U6e-t03 1.5**03 1.75*403 2e+03 2.26fr03 2 5*i03
total_dosage
Histogram of totat_dosage Jan 25. 2000
FLUENT 6.1 (3d. segregated, ske)












250 600 760 1e+03 1 25e-(03 1 Se-tfO 1 75e+03 2e-i03 2.2Sfr>03 2.5e-t03
total_dosage
Histogram of total.dosage Jan 25. 2006
FLUENT 6.1 (3d. segregated, ske)

















250 600 760 1e+03 1.25e+03 1 5e+03 1.75e+03 2e+03 2 25e+03 2.5**03
total_dosage
Histogram of total_dosage Jan 25. 2006
FLUENT 6.1 (3d. segregated, ske)














250 600 750 1e+03 1 .25e-tfl31 ,5e+03 1 75e-t03 2e+03 2.25ei03 2.5ei03
total_dosage
Histogram of total_dosag* Jan 25. 2006
FLUENT 6.1 (3d. segregated, ske)














250 600 750 1e+03 1 .25e+03 1 Se+03 1 ?5e+03 2e*03 2.25e-H33 2.5e+03
total_dosage
Histogram of total.dosage Jan 25. 2006
FLUENT 6.1 (3d, segregated, ske)













260 600 760 1e+03 1 .25e+031 .5e+03I 75e+03 2e+03 2.25e*03 2.5e-t03
total_dosage
Histogram of total.dosage Jan 25. 2006
FLUENT 6.1 (3d. segregated, ske)















250 600 760 U+03 I 25e-t03 I 5e403 1 75e+03 2e*03 2 26e+03 2.5e+03
total_dosage
Histogram of totaljiosage Jan 25. 2006
FLUENT 6.1 (3d. segregated, ske)














250 500 750 1e+03 1 .25e+031 .5e*03 1 .75e+03 2e+03 2 2e+03 2.5e+03
total_dosage
Histogram of total_dosag* Jan 26. 2006
FLUENT 6.1 (M. segregated, ske)











m. ,rn-nnr^. . . ,-,
250 500 750 1e+03 1.25e+03 1.5e+03 1.75e+03 2e+03 2.26e+03 2.5e-*3
total_dosage
lluiugum of total.dosage Jan 25. 2006
FLUENT 6.1 (3d. segregated, ske)














250 600 750 1e-t03 1 .25e+031 5e+03 1 75e+03 2*403 2.25e+03 2.5*+03
total_dosage
Histogram of total.dosag* Jan 25, 2006
FLUENT 6.1 (3d. segregated, ske)






The "NSF/ANSI 55-2002 Standard for Drinking Water Treatment Units - Ultraviolet
Microbiological Water Treatment
Units"
is used as experimental protocols and guidelines
for this research. Due to limiting resources, small acceptable changes are incorporated in
the sampling procedures. Instead of generating a full fluence-response curve for each test,
it is generated from one test only, with 1 1 fluences in triplicate, and is checked for its
validity for subsequent tests by inspecting the fit at 4 fluences. In addition, six influent
and effluent samples are taken from each model, instead of fourteen samples. These
modifications decrease the amount of time and money needed to accomplish the
biological testing for each model.
5.2 BIOLOGICAL TESTING
Biological analysis is utilized to verify the UV dose or fluence of both the commercial
and Off-Center model. Prior to performing the biological testing, water in reservoir is
tested for its chlorine level, and Sodium Sulfite is used as dechlorinating agent, to
counteract or eliminate the chlorine concentration in the water. Instructions to determine
and eliminate the total and free chlorine levels, and turbidity levels are provided in
Appendix B. Equipment used to conduct these tests can be found at the Environmental
Laboratory in the RIT Civil Engineering department.
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Due to their high resistance to UV radiation, the most commonly used challenge
organisms are the MS-2 coliphage, which are a virus to E. Coli, and the spores of a
bacteria called Bacillus subtilis. In accordance to NSF (National Sanitary Foundation)
standard, Escherichia Coli host strain (ATCC #15597) and MS-2 Coliphage (ATCC
#15597-B1) are used to perform the biological experiments in the research. A
concentrated stock solution of the MS-2 coliphage is introduced to the water through
mixing.
Water enters through the inlet (taken as influent sample), flows through the annular space
between the quartz sleeve and the chamber wall, and exits through the outlet (taken as
effluent sample). If flow rate of water is at its highest, the time taken for the flowing
water to be exposed to the UV light in chamber is at its lowest, and thus the lowest UV
dose amount is received. To model the worst case scenario for the models, water is
passed through each system at its highest recommended volumetric flow rate of 12
gallons per minute.
Guidelines of the process, as proposed in the June 2003 UV Disinfection Guidance
Manual [4], are shown in Figure 5.1. Truncated Quasi Collimating Beam test is first
performed to generate a standard full UV dose response curve, as shown in Figure 5.2.
The preparation of the media and biological experiments are conducted at the Monroe
County Pure Waters Environmental Laboratory. More details are shown in the following
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from above three results.
Figure 5.1: Steps ofExperimental Process
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5.2.1 CHALLENGEMICROORGANISM UV DOSE-RESPONSE CURVE
Using MS-2 Coliphage (ATCC #15597-B1) as the challenge microorganism, a truncated
Quasi-Collimated Beam test is performed to obtained the UV dose-response curve used
for the biological experiments in the research. The UV dose-response curve is developed
by taking into account the incident UV irradiance I0, and water, Petri, divergence, and
reflection factors. Using Beer's Law, the Water and Divergence Factors are calculated by
using the absorbance coefficient and path length of liquid being used (water). In order to
compensate the non-uniformity of the distribution of the UV irradiance absorbed by
sample, the Petri Factor is calculated by taking the average value of the irradiance
measurements at every 5mm intervals along the two perpendicular lines that intersect the
middle of the Petri dish. A reflection factor of 0.975 is applied throughout the tests to
compensate for the liquid surface reflection that exists due to the UV light reflection at
the air-water interface. Refer to Appendix B for more detailed information.
Average UV Intensity:
lave = h x Water Factor x Petri Factor x Divergence Factor x Reflection Factor (5-1)
Using Equation 5-1 and varying, predetermined period of exposure time t, the fluence or
UV dose received by the MS2 coliphage can be calculated as shown in Equation 5-2.
Fluence or UV dose, D = Ime x t (5-2)
MS2 Log Inactivation or Reduction is the log ratio of MS2 concentrations of reactor
influent (before UV light exposure) and effluent (after UV light exposure) samples. It can
also be termed as the difference between the mean MS2 log concentration of the reactor
influent samples and the mean MS2 log concentration of the reactor effluent samples.
The log inactivation for each dose delivered by the collimated beam is calculated using
equation 5-3:
95




No = Average concentration of the challenge microorganism in the zero dose aliquots
N = Challenge microorganism concentration in an aliquot of sample
Log inactivation data is first plotted as a function ofUV dose in the collimated beam test.
A regression analysis is then applied to derive the best-fit equation. Therefore, for first-
order kinetics, linear equation of 5-4 is most suitable. This trend line is then used to
calculate the average dosage of the different UV systems being developed.
Dose -Ax Log Inactivation + B
or
Log Inactivation = Dose + C
A












Reponse ofMS2 to UV Light at 254nm
y
= 0.0048x + 0.1137
R2
= 0.9772
100.0 200.0 300.0 400.0 500.0 6Q0J) ZQQ.O
UV Dose J/m
Figure 5.2: UV Dose Response Curve from Quasi-Collimating Beam Test
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For this research, the UV Dose response equation:
MS2 Log Inactivation = 0.0048 x Dosage + 0.1 137 (5-6)
Concentrations of viable MS-2 coliphage in both influent and effluent samples are
determined to calculate the log reduction ofMS-2 within both commercial and off-center
models. Using previously generated fluence-response curve, the resulting fluence and
energy-saving can be calculated for both models.
The MS2 Reduction Equivalent Dosage RED MS2 is the UV dosage demonstrated during
the validation. The necessary UV dosage has to be multiplied by validation safety factors.
Bred is a RED bias account for impact of dose distribution on RED. BPoiy is
polychromatic bias corrects for monitoring issues with MP lamps. 1+e is random
uncertainty that includes microbe assay, data interpolation, UV sensors and lamp
variability. Dp is the required UV dosage.
REDms2 = Bred xKi> x 0 + e)xD (5-7)
Where
SF = BREDxBPolx(l + e)
Component Typical Values
RED Bias (MS2) 2.1
Polychromatic Bias (MP) 1.2
Random Uncertainty 1.2
Total Factor 3
Table 5.1: Components of Safety Factor
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5.2.2 MEDIA PREPARATION
Media preparation, and MS2 propagations and enumerations were all done at the Monroe
County Laboratory. In-depth step-by-step procedures are listed in Appendix B. Following
the NSF/ANSI 55-2002 guidelines, it usually took around 8 hours to prepare PBS (stock
and working solutions), TSB, 1%TSA (soft agar), 1.5%TSA (hard agar), and streaking of
E-coli. TSB solution was obtained by mixing purchased TSB reagents powder with
deionized water. Other media were processed with their components as shown in Tables
5.2 and 5.3. Test tubes and other equipment were sterilized prior, during, and after
experiments, as specified. Processed media were autoclaved, and then stored in dark at
4C. They were usually good for up to three months.










Table 5.2: Stock and Working PBS Reagents
No. Reagents 1% TSA (1.5L) - up to 300 tubes 1.5% TSA (3L)
1 Tryptone 22.5g 45g
2 Soytone 7.5g 15g
3 NaCl 7.5g 15g
4 Agar 15.0g 45g
Table 5.3: 1% and 1.5% TSA Reagents
The day prior to collecting and testing of samples, prepared inventory media (refer to
Appendix B) such as TSB, PBS, 1.5%TSA, 1% TSA, and MS2 were checked to ensure
that they were enough and ready for use (or not out-to-date). E.coli host strain and Petri
dishes containing hard agar were put in the incubator to warm-up to room temperature
overnight. MS2 suspension was brought back to RIT for sample collection procedure.
In order to evaluate bioassay performance on Commercial and Off Center systems, six
influent and effluent samples were collected in separate test tubes for each system, and
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were placed in insulated cooler for immediate transportation to the Monroe County
Laboratory. The collection procedure is further described in the following section.
In the Monroe County Laboratory, around three to five serial dilutions of each test tubes
sample in PBS solution were performed by adding lmL of previous dilution. Soft agar
(1% TSA) test tubes were placed in boiling water bath to liquefy. Two to three dilutions
were performed for each obtained diluted samples (former serial dilutions with PBS
solution) with the soft agar and E.coli host strain, and were poured onto the hard-agar
Petri dishes. Vortex machine is used throughout the dilution process to ensure thorough
mixing. This process produced around 36 to 90 dilutions for each system. Once
suspension cool or solidify, plates were inverted and incubated. MS2 enumeration began
the next day. More detailed procedure can be found in Appendix B.3.
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5.2.3 EXPERIMENTAL SETUP
Experimental setup, as shown in Figure 5.3, was designed in accordance to the "2002
NSF/ANSI Standard for Drinking Water Treatment
Units"
protocols. Water in a 110
Gallon tank was pumped through two disinfection systems. A pressure sensor, a flow
meter, and a temperature sensor were used to get enough information on the fluid flow.
Prior to turning on the UV lamp, untreated samples were obtained at the sampling point.
After UV lamp was turned on, and warmed, treated samples were taken at the sampling
point to check the MS2 reduction rate. Photos of experimental setup at the Applied Fluids













Q 1 1 0 gallon Tank 0 Pressure Gauge 0
OFF-CENTER system
(7) PumP (J) Differential Pressure
Transducer (U Tube) 0 COMMERCIAL system
C%) Digital Flow meter fj\ Exhaust Valve
/T\ Thermocouple (g) Mixer
Figure 5.3: Experimental Setup ofUV Systems
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Commercial System
Figure 5.4: Photo ofExperimental Setup at Applied Fluids Laboratory
Testing Procedure:
1 . First, make sure UV lamps are turned off.
2. Mix water in tank or reservoir using pump.
3. Take a sample. Measure the Free CI- on Civil and Environmental Engineering's
Hach Spectrophotometer. Record on the data sheet under Tap Water.
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4. Add 3x as much Sodium Sulfite Na2S03 per liter as the amount of free CI- into
the tank. For example, if the sample has 0.3 mg/L free C1-, add 0.9 mg/L Na2S03.
For 415 L of test water, one would add 0.373 g ofNa2S03 to the tank. Record the
amount ofNa2S03 added on the data sheet.
5. Mix water using pump.
6. Measure and record the Free C1-, and Total CI- using Civil and Environmental
Engineering's Hach Spectrophotometer.
7. Measure and record the TDS using the TDS meter.
8. Pour MS2 into tank to achieve 5 x 1
04
to 5 x 1
05
PFU/mL.
9. Use pump to mix water and microorganisms.
10. Warm the UV bulbs for at least 30 minutes.
1 1 . Turn valves to waste water (to drain), instead of recycling water back to tank.
12. Run pump and adjust flow rate.
13. Open valves connecting the Commercial unit, and make sure valves connecting
the Off-Center remain closed.
14. Open sample port and drain to bucket.
15. Record flowrate, pressure, temperature, head loss, and UV intensity at the wall on
the Testing a UV Disinfection Chamber page of the data sheet.
16. After 5 residence times or 1 minute (whichever is longer), take a sample from the
sample port -100 mL.
17. Wait 15 seconds and take second sample. Repeat for third sample. Label the
three samples as Effluent 1, 2, and 3.
18. Turn off light.
19. After 5 residence times or 1 minute (whichever is longer), take a sample from the
sample port -100 mL.
20. Wait 15 seconds and take second sample. Repeat for third sample. Label these
three samples as Influent 1, 2, and 3.
21. Close valves connecting the Commercial unit, and open valves connecting the
Off-Center.




A general purpose Wilka Eco-Tronic pressure transmitter, as shown in Figure 5.5, was
purchased from GaugeStore.com, to measure low differential pressures in both
Commercial and Off Center UV systems. It converts applied pressure into an electrical
signal that is both linear and proportional to the applied pressure. The output electrical
signal is received in computer, using LabView, to display the pressure in system being
monitored. This transducer has an accuracy of less than or equal to 0.5% BFSL full span,
and an industry standard output of 4-20mA. Further information of this part is provided










Figure 5.5: Wilka Pressure Transmitter 0-60psi
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WilkaModel 8392406 Type ECO-1 (GaugeStore Part # 34263)




3. Electrical Output 4-20mA 2-wire
4. Excitation 10-30 VDC power supply
5. Electrical Load Limit Resistance = (supply voltage
-
10V) / 0.02A
6. Maximum Pressure 245 PSI
7. Burst Pressure 245 PSI
8. Accuracy 0.5% of span BFSL (Hysteresis 0.1%, Repeatability 0.1%)
9. Response Time 5ms
10. Temperature Range Media -25 F to 212 F, Ambient -25 F to 175 F
1 1 . Temp. Compensated 32Ftol75F
12. Electrical
Connection
DIN 43650 Plug Connector (IP65/NEMA 5) with solderless
screw terminal
13. Electrical Protection Protected against polarity, short circuit, and overvoltage
14. Transmitting Liquid Silicone oil for ranges less than 200 PSI
15. Wetted Parts 3 1 6 Stainless Steel (parts in contact with media)
16. Case Material 304 Stainless Steel
Table 5.4: Wilka Pressure Transmitter Specifications
5.3.2 FLOWMETER
An LB45-A003 Rugged Stainless Steel Turbine Flow Sensor was purchased from
FloCat.com to measure the flowing water in both commercial and off-center systems.
This unit measures flow in range of 2-15GPM, under operating pressures of up to 5000
PSI, while maintaining accuracy within 1% of reading. Figure and
specifications of this
sensor are obtained from FloCat.com, as shown below in Figure 5.6 and Table 5.5.
Figure 5.6: LB45-A003 Turbine Flow Sensor
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LB45-A003 Rugged Stainless Steel Turbine Flow Sensor
l.Body 316L Stainless Steel
2. Rotor CD4MCU Stainless Steel Alloy
3. Rotor Shaft Tungsten Carbide
4. Bearings Tungsten Carbide (journal-type)
5. Rotor Support (Flow Straighteners) 316 Stainless Steel
6. Maximum Pressure Up to 5000 PSI
7. Turndown Ratio 10:1
8. Accuracy 1% of reading
9. Repeatability 0.1%
10. Temperature -100 F to 350 F (-73 C to 177 C)
1 1 . Magnetic Pickup Output 30mV to 3V, peak-to-peak




SS centrifugal pump was purchased from Flo-Master to pump water
from a 1 10-
gallon tank. A high-pressure thermocouple plug sensor, type T Exposed Tip Pipe Plug
Probe (TC-T-NPT-E-72), with range of0-425C and accuracy of0.5C, was purchased
from Omega.com. Its lead wires are stranded 20AWG, fiberglass insulated, and stainless
steel over-braided with stripped leads. This thermocouple has a 304 Stainless Steel sheath
of Va in diameter that extends Vi in from the end of the % NPT pipe plug, as shown in
Figure 5.7.
Figure 5.7: TC-T-NPT-E-72 Thermocouple Plug Sensor
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5.4 BIODOSIMETRY RESULTS
While keeping same test conditions for both Commercial and Off Center systems of
12gpm flow rate and 13.8W of input power, three consistent biological test results were
obtained, as presented in Table 5.6.
Log Reduction vs. Dosage: y = 0.0048x + 0.1 137
8/13/2004
UV Output (W) Log Reduction (Log No/N) Dosage (J/m2) RED (J/m2)
Commercial 13.8 3.11 624.23 1872.69
RIT UV1 13.8 4.07 824.23 2472.69
9/1/2004
UV Output (W) Log Reduction (Log No/N) Dosage (J/m2) RED (J/m2)
Commercial 13.8 3.09 620.06 1860.19
RIT UV1 13.8 4.15 840.90 2522.69
9/10/2004
UV Output (W) Log Reduction (Log No/N) Dosage (J/m2) RED (J/m2)
Commercial 13.8 3.14 630.48 1891.44
RIT UV1 13.8 4.12 834.65 2503.94
8/13/2004
Dosage/UV Output (s/m2) UV Output/Dosage (m2/s) Efficiency Power Saving (%)
Commercial 45.234 0.022
RIT UV1 59.727 0.017 0.32 32.04
9/1/2004
Dosage/UV Output (s/m2) UV Output/Dosage (m2/s) Efficiency Power Saving (%)
Commercial 44.932 0.022
RIT UV1 60.934 0.016 0.36 35.61
9/10/2004
Dosage/UV Output (s/m2) UV Output/Dosage (m2/s) Efficiency Power Saving (%)
Commercial 45.687 0.022
RIT UV1 60.482 0.017 0.32 32.38
AVERAGE = 33.35
LEGENDS:
Commercial: Current Atlantic UV Model
RIT UV1 : UV Off Center Design
Table 5.6: Experimental Results between OffCenter and Commercial Units
Two test trials, performed prior to the three tests above, indicated that high-chlorine
presence in the water tank was a critical issue in obtaining test results. By maintaining
healthy MS2 and keeping the water chlorine level at its lowest, as specified in guidelines
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in Appendix B, MS2 suspension was ensured to be alive prior to testing the systems.
These findings were applied to the three biological tests above.
The relationship, obtained from the biodosimetry tests, between the UV Average Dosage
and Output Power of the OffCenter and Commercial units is shown in Figure 5.7.
UV Dosage vs. UV Power in
Commercial and Off Center Systems
RTTUVl:
6 8 10
UV Output Powr (W)
Figure 5.7: UV Dosage and Output Power Relationship
Above results show that the Off Center unit can provide around
33% higher dosage









The Computational Fluid Dynamic analysis results (refer to Sections 4.5 through 4.9) of
the Commercial and new Off Center FLUENT models show that around 29% of savings
are expected in the Off Center model, with average UV dosage values of 647.75
J/m2
and 834.2U/m for the Commercial and Off Center models respectively. These average
UV Dose and savings results from CFD analysis are summarized in the Table 6.1.
Average CFD UV Dose values for both models are also further illustrated in Figure 6. 1 .
The computational difference in pressure drops between the Off Center and Commercial
models is minimal. The pressure drop in Off Center model is calculated to be around
O.lkPa or 0.01 5psi higher than the Commercial model, under the highest flow rate or
worst-case scenario.
The experimental study results (refer to Section 5.4) of the full-scale pilot Commercial
and Off Center systems show that around 33% of savings are expected in the Off Center




for the Commercial and Off Center models respectively. These
average UV Dose and savings results from bioassay experiments are summarized in
Table 6.2. Average Experimental UV Dose values for both models are also further
illustrated in Figure 6.2. The difference in experimental pressure drops between the Off










1 642.315 846.478 31.79 600
2 650.100 829.137 27.54 800
3 653.462 828.352 26.76 1000
4 647.431 837.972 29.43 1200
5 645.030 832.086 29.00 1500
6 648.160 831.236 28.25 2000
Average 647.75 834.21 28.79
Table 6. 1 : Summary ofCFD Analysis Results
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08/13/04 624.23 824.23 32.04
09/01/04 620.06 840.90 35.61
09/10/04 630.48 834.65 32.38
Average 624.92 833.26 33.35
Table 6.2: Summary ofExperimental Study ResuIts




























OC Average = 833.26








Figure 6.2: Commercial vs. OffCenter System Experimental Results
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6.1.2 CFD VS. EXPERIMENTAL RESULTS
The average UV dose and energy savings results obtained from CFD analysis confirm to
within around 4% error of the full-scale experimental results. Summary of the









l.CFD 647.75 834.21 28.79
2. Experimental 624.92 833.26 33.35
Error 3.64 % 0.11 % 4.56 %
Table 6.3: Summary ofCFD and Experimental Results Comparisons

























Figure 6.3: CFD vs. Experimental Results ofCommercial and OffCenter Systems
ill
6.2 DISCUSSIONS
In this research, CFD analysis and experimental study are performed for the worst case
scenarios of both models, at their maximum flow rates of 12gpm. If water enters and
exits both system chambers with lower flow rates, higher average values of UV dose
distribution in the both systems are received.
Due to its center-placed UV lamp, commercial system model can be easily modeled as
functions of radius using previous Equations 3-2 and 3-4 (refer to previous Table 3.2).
Commercial System
P = 13.8W P = 20W P = 30W P = 50W P = 13.8W P = 20W P = 30W P = 50W
r(m) I (W/m2) I (W/m2) I (W/m2) I (W/m2) D (J/m2) D (J/m2) D (J/m2) D (J/m2)
0.01143 248.039 359.476 539.215 898 691 1953.764 2831.543 4247.314 7078.857
0.01500 187.460 271.681 407.522 679.203 1476.594 2139.992 3209.988 5349.979
0.02000 138.987 201.431 302.146 503.577 1094.783 1586.642 2379.963 3966.605
0.02500 109.919 159.302 238953 398.256 865.812 1254.800 1882.200 3137.000
0.03000 90.551 131.234 196.851 328.085 713.260 1033.711 1550.566 2584.276
0.03500 76.728 1 1 1 .200 166.800 278.000 604.375 875.907 1313.860 2189.766
0.04000 66.369 96 188 144.281 240.469 522.782 757.655 1136.482 1894.137
0.04500 58.320 84.522 126.784 211.306 459.382 665.770 998.656 1664.426
0.05000 51.888 75.200 112.801 188.001 408.716 592.342 888.513 1480.855
0.05080 50.977 73.880 110.820 184.700 401 .540 581.942 872.913 1454.855
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Figure 6.5: UV Dose as a Function ofRadius in Commercial System
UV Dose distribution Case #1 result for both commercial and Off Center models are
shown in Figures 6.6 and 6.7. Around 20% of particles in both models fall below the
minimum UV Dose value of400 J/m .
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Figure 6.7: Sample UV Dose Distribution in CFD Commercial Model
The vector plots of the Computational Fluid Dynamic results, shown in Sections 4.5
through 4.9, present the different particle motions and UV exposure in both commercial
and off-center model.
In the current Commercial FLUENT model, as water enters the chamber through an axial
inlet, two vortex motions are generated at the sides of the center UV bulb. However, just
as soon, they dissipated to travel in parallel motion along the length of the chamber, and
exit through the axial outlet. These are illustrated in Figures 4.13, and 4.24 through 4.27.
The new Off Center FLUENT model, on the other hand, generates three different vortex
motions due to the off-set placement of the bulb, as water enters the chamber through the
tangential inlet and exits through the parallel outlet. While in chamber, water flows in the
annular space between the outer surface of the UV lamp and the inner surface of the
reactor. One of the observed motions seems to circulate very closely around the outer
surface of the quartz sleeve containing the UV bulb, with another circulating generally
near the outer surface of the reactor, covering the small annular gap. The third vortex
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motion shows the fluid traveling within the larger annular gap between the UV lamp and
the inner reactor surface. These motions are strong, and do not dissipate throughout the
length of the chamber. These are illustrated in Figures 4.12, and 4.16 through 4.21.
The UV dose distribution histogram plots produced for both models seem to correlate to
the findings in the motions of the particles (refer to Section 4.10). Histogram plots of the
Commercial model shows somewhat symmetrical or slightly skewed distributions, with
single-peak percentages regions. Smaller percentages of particles traveling at the paths
along the inner surface of the reactor, and along the outer surface of the sleeve quartz
containing UV lamp, receive the lowest and highest UV dose values. The highest
percentage (peak value) of the particles can be found traveling at the middle annular path
between the outer surface of the center UV lamp and the inner surface of the system.
On the other hand, histogram plots of the Off Center model show somewhat symmetrical
distributions with two-peak percentages regions. The highest percentage (largest peak
value) of particles can be found traveling in vortex motions along the annular space near
the inner surface of the system, which receive the relatively lower UV dose values. The
smallest percentage region of particles traveling with the larger gap between the outer
surface of the off-set UV lamp and the inner surface of chamber, receive relatively
middle UV dose values. The smaller peak value region of the percentages of particle






1 . A unique UV "Off
Center"
system was developed, fabricated, and experimentally
tested in accordance to the NSF/ANSI Standard for Drinking Water Treatment
Unit.
2. The system was modeled using FLUENT CFD software. A UV Dosage
Distribution Program has been developed to be used in conjunction with the
particle-tracking algorithm in FLUENT fluid analysis tool. By performing
Computational Fluid Dynamics (CFD) analysis, the average UV Dose values of





respectively. Around 29% of efficiency is predicted in the Off Center
system that can lead to potential energy savings.
3. Bioassay experiments performed for both Commercial and Off Center systems
have yielded average dosage values of 624.92 J/m and 833.26 J/m respectively.
The Off Center system shows around 33% improvements compared to the
comparable Commercial unit.
4. The predictive CFD results confirm to around 4% of error from the experimental
results, for both the new OffCenter and current Commercial models.
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7.2 RECOMMENDATIONS
CFD analysis is an essential step in eliminating or reducing potential high experimental
costs ofbuilding prototypes from design concepts. For future CFD work, coupled discrete
phase simulation calculations can be applied for FLUENT models to include effects of
injections in continuous flow field. UV Dosage Distribution program can also be
redefined to work internally on FLUENT as udf function.
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APPENDIX A: UV DOSAGE DISTRIBUTION PROGRAM
A.l SOURCE CODE
I* = = =========_ =======v
i* */
/* This Program is developed to calculate Dosage Distribution in OffCenter */






temp.txt, graph.txt, intersum, output.dpm files */






















/* UV Dose Critical Value of 400J/mA2 */
FILE *fp 1 ; //Fp for output file
FILE *fp2; //Fp for input file
FILE *fp3; //Fp for graph
FILE *wtemp; //File pointer for writing temp.txt
FILE *fp4; //FP for interiorsum.dpm
FILE *rtemp; //FP for reading temp.txt
int linenum, calc, sum=0, totpercent;
int typel, type2;
char inputfmaxfile], output[maxfile], ans, ansl, reply, reply 1;
float power, xO, zO, fraction;













































fpl = fopen ("output.dpm", "w");
fp3 = fopen ("graph.txt", "w");
wtemp
= fopen ("temp.txt", "w");
fp4 = fopen ("interiorsum.dpm","w");
if ((fp 1=fopen ("output.dpm","w"))=NULL)
{


























fp2 = fopen (input, "r");



























char *delims = "0";






















continue in this string */
}




























// char *result = NULL;
// while (fgets(word, 1000, temp)!=NULL)
// while (fscanf(fp2,
"





// fprintf(temp,"%s%c", word, EndChar);
// fputs(word,temp);
// fprintf(temp,"%s",word);
// fprintf(temp, "%s%c", word, EndChar);
// count=l;
// calc+=count;
// printf("Calc = %d \n", calc);
// if(EndChar=V)
// fprintf(fp3, "%s%c\n", word,EndChar);
// fgets(word,1000,temp);
// fgetpos(temp,&pos);










int i=0, line, partline, percent;
// char word[ 1000];
double sqradius, radius,intensity, dtime, dosage, cumdosage;











//while ((ch = getchar())
!=
EOF) {
// printf("Line %2i:", -H-linenum);
// while (ch !=
'\n'
&& ch != EOF) {
// putchar(ch);
// ch = getcharO;
// }
// if (ch= EOF) break;
/* in case no newline at end */
// putchar(ch);
/*








fprintf(fpl,"( X Y Z U V W
diameter T massflow
time radius intensity dosage totaldosage name)\n");
fprintf(fp4,"( X Y Z U V W
diameter T mass_flow
time radius intensity dosage totaldosage name)\n");
fprintf(fp3,"






































printf("Total Dosage = %e\n", cumdosage);
fprintf(fp4,"((%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e




particle[i] .massflow, particle[i] .time,
radius, intensity, dosage, cumdosage, particle[i].name);










diff= particle[i].time - pretime;
























fprintf(fp4,"((%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e










fprintf(fpl,"((%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e









fprintf(fp3,"%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e
particle[i].X, particle[i].Y, particle[i].Z,





















fprintf(fp4,"((%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e%12.4e




particlefi] .massflow, particle[i] .time,
radius, intensity, dosage, cumdosage, particle[i].name);
fprintf(fpl,"((%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e
%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e) %s)\n",
particle[i-l].X, particle[i-l].Y, particle[i-l].Z,
particle[i-l].U, particle[i-l].V, particle[i-l].W,
particle[i- 1 ] .diameter, particle[i- 1 ].T,
particle[i- 1 J.massflow, particle[i- 1 ].time,




fprintf(fp3,"%12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %12.4e %s\n",
particle[i-l].X, particle[i-l].Y, particle[i-l].Z,

































printf("Power ofUV Lamp (W): ");
scanf("%f',&power);
printf("\n");








printf("(default X = -0.9in = -0.02286m)\n");
printf("(default Z = Oin = 0.0000m)\n");
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printf("\n");




























printf("Your DPM Output File: output.dpmW);
printf("\n");
printf("Using Critical UV-Dose Value: 400J/mA2\n");
printf("\n");
printf("Please enter input data name:\n");
scanf("%s",&input);
printf("Your Input File: %s\n", input);
printf("\n");







printf("Number ofLines in Temporary File: %d \n", calc);
printf("Number ofLines without blank line: %d \n", linenum);
rtemp













printf("Total Dosage = %e\n", linedosage);
printf("Total Line = %d\n", sum);
printf("Average Dosage =%e \n", avedosage);
printf("\n");


























printf("Total Line = %d\n", sum);
printf("Average Dosage
= %e \n", avedosage);
printf("\n");








































200 - 500 mg/L
0 +/- 0 mg/L

















Technology Bob Easton rheite@rit.edu X5-2196




Spectrophotometer Chemistry Tom Allston X5-6034
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CHLORINE, TOTAL (o to 2 oo mg/L)
Method 8167
For water, wastewater and seawater
DPD
Method*






1. Enter the stored
program number for free
and total chlorine (Cl2)-
powder pillows.
Press: 8 0 READ/ENTER
The display will show:
DIAL am TO 530
Note: DR/2000s with software





Note: Instruments with software
versions 3 0 and greater will
not display "DIAL am
TO"
message if the wavelength is
already set correctly. The
display will show the message
in Step 3- Proceed with Step 4.
Note: Samples must be analyzed
immediately and cannot be









The display will show:
mg/1 Cl2
4. Fill a sample cell
with 25 ml of sample.
'Adapted from Standard Methods for the Examination of Water and Wastewater
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CHLORINE, TOTAL, continued
5 Add the contents of
one DPD Total Chlorine
Powder Pillow to the
sample cell (the prepared
sample). Stopper the sample
cell and shake for 20
seconds. Remove stopper
ivore.- A pink color will develop
if chlorine is present.
Note: Accuracy is nor affected
bv undissolved powder
Vote- Shaking the cell dissipates












6. Press: SHIFT TIMER
A three-minute reaction
period will begin.
7- When the timer beeps.
the display will show:
mg/1 Cl2
Fill another sample cell
(the blank) with 25 ml
of sample. Place it into
the cell holder.
Note: The Pour-Thru Cell can
be used with this procedure if it
is rinsed shortly after each
analysis with deionized water.
8. Press: ZERO






9. Within three minutes lO. Press: READ/ENTER
place the prepared
sample into the cell
holder. Close the light
shield.
The display will show:
WAIT
then the result in mg/L
chlorine (Cl2) will be
displayed.
Note: If the sample temporarily
turns yellow after sample
addition, or shows
OVER-
RANGE, dilute a fresh sample
and repeat the test. .1 slight loss
of chlorine may occur because
of the dilution Multiply the
result by the appropriate
dilution factor, see Sample
Dilution Techniques (Section I).
Note: In the constant-on mode
pressing READ/ENTER is not
required WAIT will not appear.
When the display stabilizes,
read the result.
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CHLORINE, FREE (o m 2.oo mg/L)
Method 8021
For water, wastewater and seawater
DPD
Method"
(Powder Pillows or AccuVac Ampuls), EPA Approved
USING POWDER PILLOWS
1. Enter the stored
program number for free
and total chlorine (Cl2;-
powder pillows.
Press: 8 0 READ/ENTER
The display will show:













The display will show-.
mg/I Cl2
4k. Fill a sample cell (the
blank) with 25 mL of
sample. Place it into the
cell holder.
Note: DRJ2000S with software





Note; Instruments with software
versions 3.0 and greater will
not display "DIAL nm
TO"
message If the wavelength is
already set correctly. The
display will show the message
in Step 3 Proceed with Step 4.
?;ote: Samples must be analyzed
immediately and cannot be
preserved for later analysis.
Adapted from Standaiti Methods for the









4. Fill another cell with
25 mL of sample.
ft 1
1. Add the contents of
one DPD Free Chlorine
Powder Pillow to the
sample cell (the prepared
sample). Stopper the
sample cell and shake for
20 seconds. Remove
stopper.
Note: A pink color will deve'op
if free chlorine is present.
Note: Accuracy is not affected
by undissolved powder.
Note: Shaking the cell dissipates




one minute of reagent
addition) place the
prepared sample into the
cell holder Close the
light shield.
Note: The Pour-Thru Cell can
be used with this procedure if it
is rinsed shortly after each
analysis with deionized water.
Note: Do not push SHIFT





The display will show:
WATT
then the result in mg/L
chlorine (Cl2) will be
displayed.
Note: If the sample temporarily
turns yellow after reagent
addition, or shows OVEJt-
RANCE, dilute a fresh sample
and repeat the test. A slight loss
of chlorine may occur because
of the dilution. Multiply the
result by the appropriate
dilution factor; see Sample
Dilution Techniques (Section f).
Note: In the cototant-on mode,
pressing READ/ENTER is not
required. WATT will not appear.
When the display stabilizes,
read the result.
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TURBIDITY (o to 450 ftu)
Method 8237












1. Enter the stored
program number for
turbidity. pr?J$ ^fl
Press 75 0 READ/ENTER
The display will show:
DIAL nm TO 450
Note: DR.?0OOs with software





Note: Instruments with software
versions 3 0 and greater will
not display "DIAL nm
TO"
message if the wavelength is
already set correctly. The
display will show the message
in Seep 3 Proceed with Step 4
,\ote: If sample cannot be
analyzed immediately, see
Sampling and Storage, beiow.
2. Rotate the




The display will show:
FTU TURBIDITY
4. Pour 25 mL of
deionized water (the
blank) into a sample cell.
Note: For highly colored
samples, a filtered portion of








3' Place the blank into
the cell holder. Close the
light shield.
Note-. The Pour-Thru Cell
cannot be used with this
procedure.
6. Press: ZERO




T- Pour 25 mL of
sample into another
sample cell. Immediately
place this sample cell
into the cell holder. Close
the Light shield.
Note: The sample must be well
mixed before transferring it to
the sample cell
8. Press: READ/ENTER
The display will show:
WAIT
then the result in
Formazin Turbidity Units
(FTU) will be displayed.
Note: In the constant-on mode,
pressing READ/ENTER Is not
required. WATT will not appear
Wben the display stabilizes.
read the result.
Adapted from FtnHLA Methods for Chemical Analysis of Water And Wastes, 2"5 ||969)
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B.2 MICROBIAL RESPONSE TO UV LIGHT
? I LOG (90%)
2 LOG (99%)












Pseudomonas aeruginosa (1,4) I I
Salmonella typhtmunum (6,4) i
Shigella dysentenae (1,4)
Shigella p arady s entaeriae ( I ) D
Shigella flexneri (I) ?
Shigella sonnei (1,4) I I I
Staphylococcus albus (6) ?
Staphylococcus aureus (1,4) I i "I
Streptococcus hemolyticus (6,4) i i i
Streptococcus lactis (6,4) J I
~
Streptococcus vindans (6,4) I i i
Vibno cholerae (1,4) I i i
VIRUSES
Poliovirus I (1.3,3,!
Hepatitis A virus (1,3,3,10)
Rotavirus SA II (1,3,3,10) b
1
PROTOZOA
Giardia muns (I) E
Cry ptospondium parvum (9) Q
HELMINTHS
Nematode eggs (4) [
Mm2)









L ee MCTC j9J^
t. coti NCtB 94SI
E z-: w 'd folate
PafJxjjans and *doi a\rf psitogsn.
Entefobactot dcjcat
rvi. race ) '^c: im
"(If ! :r |W Nftandi
Kleb*lla pneumor as
MyCl i!:oclf:--!. ti smrflT f,|i,:
i . - i-- am .i sruginosa
ci tiront i, typfi
Salmonella typhimnri- irr




















B.3 BIOLOGICAL TESTING PROCEDURE
Proposed Streamlined UV System Testing Procedure




DI water = deionized water
Condition all UV Bulbs 100 hours.
DES Lab provides slants
Day 1: Make Media (~8 hours)
Sterilize dilution tubes.
Prepare at County Health Lab following NSF/ANSI 55-2002 recipes (except TSB)
o 1 L of stock PBS.








> Put -200 mL DI water in a 1 L volumetric flask with stir bar,
place on stirrer and add ingredients through a funnel. Rinse boats
and funnel with DI water.
> Fill flask to within 10 mL of 1 L line. Stir to dissolve. Use a
pipette to fill to 1 L carefully, drop by drop.
> Pour into bottles 8 bottles, -150 mL each. Label Stock PBS and
date. (Good for 3 months).
o 1 L ofworking PBS.
> Rinse 1 L volumetric flask and stir bar with DI water 3 times.
> Use a 25 mL pipette to add 100 mL PBS stock solution to the flask.
> Dilute with DI water to within 10 mL of the 1 L line, stir to mix.
> Pour into a 1 .5 L or larger beaker with stir bar.
> Adjust pH with 0.1N HC1 or 0.1N NaOH to 7.4.
> Return to volumetric flask. Use a pipette to fill to 1 L carefully,
drop by drop.
> Separate into 8 bottles (-150 mL) and autoclave both the stock and
working solution.
> Sterilely (next to flame) pipette working solution into 70 sterile
tubes, 9 mL each.
> Store up to 3 months.
o 300 mL ofTSB from purchased reagent powder.
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> Zero scale. Measure out 9 g TSB reagent powder on a boat using a
spatula.
> Measure out 300 mL DI water in a graduated cylinder.
> Pour about 100 mL into a 500 mL (or larger) beaker with stir bar
and place on stir plate.
> Add TSB reagent powder and rinse boat with DI water.
> Stir and heat until mixed.
> Fill 7 large tubes with 8.5 mL TSB for E. coli propagation. Put the
rest into bottles, -100 mL each.
> Autoclave.
> Use 1 tube to check pH.
> Store up to 3 months.
1 .5L of 1% TSA (up to 300 soft agar tubes)






> Fill a 2 L graduated cylinder to 1 .5 L with DI water.
> Pour -500 mL DI water from the graduated cylinder into a 1 800
mL beaker with a stir bar and place on magnetic stirrer with heat.
> Add ingredients. Use a 400 mL beaker to rinse boats with DI
water from the graduated cylinder into the large beaker.
> Heat to boiling.
> While hot, pipette 5 mL aliquots into test tubes. Pour remainder
into bottles, -1 50 mL each. Fill a large test tube for taking the pH.
> Label and autoclave. While hot, pour the agar in the large test tube
into a 20mL beaker. Take pH.
> Store up to 3 months.
> Do not allow to change from liquid to solid more than 2x.
3L of 1.5% TSA.






> Fill a 2 L and a 1 L graduated cylinder with DI water (for 3 L).
> Pour -500 mL DI water from the graduated cylinder into a 3500
mL thick walled beaker with a stir bar and place on magnetic
stirrer with heat.
> Add ingredients. Use a 400 mL beaker to rinse boats with DI
water from the graduated cylinder into the large beaker.
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> Heat to boiling.
> While hot, pour into 20 bottles, -150 mL each. Fill a large test
tube for taking the pH.
> Autoclave, and while hot, pour the agar into Petri dishes, about
15mL each, up to 240 plates.
> Store remainder in bottles. Bottled agar can only be heated one
more time, the day you pour it into plates.
> Empty the large test tube into a graduated cylinder and take pH.
> Store up to 3 months in bottles. Petri dishes are good for 2 weeks.
o Store all media in dark at 4 C. Record pH in Lab notebook.
Streak E. coli host stain from a slant onto a new slant using a sterile loop that has
been flamed. Use the flamed sterile loop to inoculate a broth tube also. Incubate
both at 35+/.l C for \S+/2 hours for MS2 propagation.
o If dehydrated E.coli has not yet been propagated, do the following:
> Wash area, hands, and bottle E. coli comes in with alcohol
> Open 8.5mL TSB tube and flame top.
> Dip tweezers in alcohol and flame.
> Remove top ofE. coli bottle with tweezers
> Add 1 mL broth from the TSB tube to the E. coli in the bottle it
came in using a sterile pipette. Mix.
> Flame the top of the TSB tube and the E. coli bottle.
> Pour or pipette the rehydrated E. coli into the TSB tube. Mix.
> Flame and cool an inoculation loop. Dip in TSB tube with E. coli.
Flame the mouth of a slant. Use to transfer E. coli in TSB onto a
slant.
> Incubate both the slant and the TSB tube.
Sterilize 1 L deionized water in bottles (150 mL each) for rinsing centrifuge tubes.
Day 2: Propagate MS2
Liquefy by boiling (26) 1% TSA tubes on a hot plate and cool in a water bath.
Put (26) 1.5% TSA plates to warm in incubator.
OpenMS2 vial sterilely as described in package info. PutMS2 pellet in a sterile
tube and liquefy with 1 mL PBS working solution. This suspension is the MS2
stock suspension.
Make 12 serial dilutions ofMS2 stock suspension in (12) 9mL PBS tubes by
adding 1 mL of the previous dilution starting with the liquefied pellet, vortex.
Add 1 mL of each dilution ( 1
0"5
through 1 0"12, in triplicate) to 1% TSA tubes.
Using sterile dropper add 3-4 drops incubated E. coli host strain to each tube.
Vortex and pour onto 1 .5% TSA plates. Label with date, time, dilution, and
replicate. (Leave 1% TSA tubes in water bath and 1.5% plates in incubator until
just before use.)
While working, leave a 1 .5% TSA plate exposed to air for 15 minutes. Also pour
only 1% TSA (no ecoli orMS2) over 1 plate for QC/QA.
When cool, invert plates and incubate at 35+/.l C for 1 8+/2 hours.
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Using a sterile loop, scrape E. coli host stain from yesterday's slant into to one
TSB tube and make another slant, incubate at 35+/.l C for \8+/2 hours for MS2
enumeration.
Sterilize two 50 mL centrifuge tubes in alcohol and rinse with sterile DI water.
Day 3: Propagate MS2 (cont) and Enumerate MS2, Prep for QCB Test
Select plates w/ complete lysis ofhost cells. Next to flame, flood each plate with
3 mL sterile TSB and remove TSA layer into centrifuge tubes with a flat spatula.
We used 3 to 4 plates per centrifuge tube.
Add lysozyme and EDTA, fill to 40 mL with TSB and incubate 2 hours at room
temperature.
Centrifuge for 20 minutes on speed 25.
Sterilize a vacuum flask with hose, stopper with hole, and a large test tube inside.
Cover holes with aluminum foil.
Set up a sterile filter apparatus on the flask. Only remove the paper that is
necessary to remove during set up.
Place 0.22um polycarbonate filter on the apparatus.
Work next to flame. Prime filter with 10 mL sterile TSB.
Use 1 mL automatic pipetter to remove supernatant from both centrifuge tubes
into fitler.
Rinse with 4 mL TSB.
Remove filter apparatus and retrieve test tube withMS2 in it. Replace cap.
(Begin enumeration)
Liquefy (1 8) 1% TSA tubes in a water bath and allow (1 8) 1 .5% TSA plates to
warm to room temperature.
Make 12 serial dilutions ofpropagated MS2 suspension in (12) 9mL PBS tubes
by adding 1 mL of the previous dilution, vortex.
7 19





in triplicate) and 3-4 drops incubated
E. coli host strain to 1% TSA tubes, vortex and pour onto 1 .5% TSA plates.
While working, leave a 1 .5% TSA plate exposed to air for 15 minutes. Also pour
only 1% TSA (no ecoli or MS2) over 1 plate for QC/QA.
When cool, invert plates and incubate at 35+/.l C for 18+/J2 hours.
(Begin QCB Test)
Determine the number of dilution tubes, 1 %TSA tubes, and 1 .5%TSA plates
needed for the QCB test (or the part of the test you wish to run tomorrow). See
data sheet and following example:
o For each sample whole number, the number of dilution tubes needed is
equal to the number of the highest dilution red or pink box. (For example,
sample 1 requires four dilution tubes to reach 1 0 .)
o For each line on the data sheet, the number ofplates and 1% TSA tubes
required is equal to the number of red or pink boxes. Add one 1% TSA
tube and two plates for QA/QC.
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Determine the amount ofPBS needed to dilute the MS2 for the number ofwhole
number samples (20mL each) that you want to run.
Take inventory and make media ifnecessary.
Autoclave a Beaker and a graduated cylinder large enough for the amount ofMS2
in PBS you will need.
Autoclave small Petri dishes with stir bars inside.
Inoculate (2) TBS tubes with E. coli host stain using a sterile loop. Incubate at
35+/.lC for 18+/.2 hours.
Day 4: EnumerateMS2 (continued) and QCB
Turn on spectrophotometer.
Count plates with 25 to 250 PFUs and calculate the titer (see NSF/ANSI 55 for
direction).
Liquefy enough 1% TSA tubes in a water bath to complete the samples you wish
to run (count red squares on data sheet and add one for QC.) Allow the same
number + one 1 .5% TSA plates to warm in the warm room.
Dilute the enumerated MS2 suspension with DI water to yield enough test water





Measure the absorbance of the MS2 suspension on the spectrophotometer.
Turn on Quasi Collimating Beam and check consistency of irradiance for 30
minutes.
For each sample, fill one sterile 15 x 60 mm Petri dish with 20 mL test water just
before exposing to UV.
Place Petri dish and magnetic stirrer.
Use radiometer to measure the irradiance at the center of the collimated beam.
Use Bolton Photoscience's Fluence Calculation Spreadsheet to determine the
average germicidal irradiance throughout the fluid volume and record it on the
UV Validation Data Sheet (QCB sheet) for the sample you are running.
Using the stop watch and shutter, expose samples to random fluences ofUV light
as specified in the UV Validation Data Sheet.
After exposure, record the irradiance in the center of the collimated beam again.
Record on the data sheet. The data sheet will take the average of the before and
after irradiances and calculated a modified fluence value.
Dilute sample in dilution tubes and plate dilutions as shown by the red or pink
boxes in the UV Validation Data Sheet. Plate as described previously.
When cool, invert plates and incubate at 35+/.l C for 18+A2 hours.
Testing the Actual UV Unit Prototypes
Condition lamp 100 hours before testing!
Day 1 : Test Preparation for UV System Validation
Inventory media to make sure that you have enough and it is not out of date.
Fill test water storage tank with tap water. Mix using pump. Let sit overnight.
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Inoculate (2) TBS tubes with E. coli host stain using a sterile loop. Incubate at
35+/.lC for 18+/.2 hours.
Bring MS2 (in a cooler) and test bottles from DES lab to RIT.
Day 2: Test Preparation for UV System Validation
Turn offUV lamp.
Mix water in tank using pump.
Take a sample. Measure the free CI- on Civil and Environmental Engineering's
Hach Spectrophotometer. Record on the data sheet under Tap Water.
Add 3x as much Na2S03 per liter as the amount of free C1-. For example, if the
sample has 0.3 mg/L free C1-, add 0.9 mg/L Na2S03. For 415 L of test water, one
would add 0.373 g ofNa2S03 to the tank. Record the amount ofNa2S03 added
on the data sheet.
Mix water using pump.
Measure and record the TDS using the TDS meter and the free C1-, and total
Cl-
using Civil and Environmental Engineering's Hach Spectrophotometer.
Save file under UV unit name and test date (ex. AtlanticUV 92503, OffCenter
9_30_03)





Use pump to mix water.
Turn on the bulb(s) and wait 30 minutes.
Turn valves to waste water to drain rather than recycling to tank.
Run pump and adjust flow rate. Open sample port and drain to bucket.
Record flowrate, pressure, temperature, head loss, and UV intensity at the wall on
the Testing a UV Disinfection Chamber page of the data sheet.
After 5 residence times or 1 minute (whichever is longer), take a sample from the
sample port -100 mL.
Wait 15 seconds and take second sample. Repeat for third sample. Label the
three samples as Effluent 1,2, and 3.
Turn off light.
After 5 residence times or 1 minute (whichever is longer), take a sample from the
sample port -100 mL.
Wait 1 5 seconds and take second sample. Repeat for third sample. Label these
three samples as Influent 1, 2, and 3.
At DES Lab
Determine the number ofplates required for the influent and effluent samples and
for the truncated quasi collimating beam test (4 fluences in duplicate).
o Plates and 1% TSA tubes:
> 24 x 3 for influent
> 24 for effluent
> 96 for truncated collimated beam
> 2 extra plates for QC, 1 extra TSA tube for QC
o Dilution tubes:
> 48 for influent and effluent
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> 26 for truncated collimated beam
Put plates in warm room to warm up and melt 1% TSA tubes by boiling and place
in water bath.
Take absorbance of one of the samples using the spectrophotometer,
record.
Take the pH ofone of the samples, record.
Begin truncated collimated beam test as described for the full test, but only do
sample numbers in blue on the data sheet.




o Autoclave and wash while hot to remove to agar.
o Soak caps in hot tap water, then in DI water. Dry on paper towels.
o Invert tubes on rack for dish washer and wash.
o When tubes and caps are dry, cap tubes and autoclave, or store inverted
with caps in a plastic bag.
Plates
o After counting plates, place them in the biohazard bag and put it in the red
garbage can.
Dilution tubes and MS2
o Autoclave on liquids cycle. Rinse and wash in the dishwasher.
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B.4 FLUENCE CALCULATIONS OF QUASI-COLLIMATED BEAM
Germicidal Fluence (UV Dose) Calculations for a Low Pressure UV Lamp
Programmed by Jim Bolton - Bolton Photosciences Inc
, 628 Cheriton Cres . NW, Edmonton, AB, Canada T6R 2M5
Tel: 780-439-4709 (home); 519-741-6283 (cellular); Fax: 780-439-7792; Email: jbolton@boHonuv.com
Comments and/or questions are welcome
Note that this Spreadsheet includes the new -Divergence Factor", which has been found to be
necessary due to the fact that the beam
"diverges-
as it passes through the solution.






collimated beam apparatus. If possible, do not use a "collimating tube", but rather use circular
"masks"
to define the beam. Make sure that safety measures
are taken to protect workers from exposure to the UV from the lamp. EYE PROTECTION IS AN ABSOLUTE REQUIREMENT.
Place the detector head of the UV radiometer on a horizontal surface, containing a 0.5 cm x 0.5 cm grid, such that the "calibration
plane"
(see the Calibration Sheet provided .
by the manufacturer of the Radiometer) is at the level ofwhere the top of the solution will be during exposures to the UV.
Determine the "Petri
Factor"
using the procedure given in the "Petri
Factor"
Worksheet.
Measure the absorption coefficient (1 cm absorbance) at 254 nm for the water to be irradiated. Insert this value into cell C36. Make sure that the instrument is balanced with
distilled water in the same cuvette.
Insert the solution volume into Cell F28.
Insert the distance from the center of the UV lamp to the surface of the water in the Petri Dish into cell F30.
Insert the center meter reading into cell 639.
Insert the desired Fluences (UV Doses) into cells E48 to E54.
Remove the radiometer detector head and place a Petri Dish (or other container), containing the cell suspension, on a stirring motor placed so that the top of the solution
is at the same level as that of the "calibration
plane"
of the detector head. Add a very small stir bar and make sure that the stirring rate is such that there is no vortex.
Expose samples in the UV beam for the times calculated in rows 48 to 54 Do at least three exposures for each time and in random order.
1 1 The
"example"
Worksheet shows how to analyze the data and obtain the Fluence (UV Dose) Response Curve.
solution volume = 20 mL
water path length = 0.98 cm








Radiometer reading at the center of Petri Dish
-
Petri factor = 0.939
True irradiance across the Petri dish =
Reflection factor = 0.975
Water factor
*
Divergence factor = 0.951
Average Germicidal Irradiance throughout the water volume =
Time for a Fluence (UV Dose) of 1
mJ/cm2
=
Time for a Fluence (UV Dose) of 20
mJ/cm2
=
Time for a Fluence (UV Dose) of 30
mJ/cm2
=
Time for a Fluence (UV Dose) of 40
mJ/cm2
=
Time for a Fluence (UV Dose) of 50
mJ/cm2
=
Time for a Fluence (UV Dose) of 75
mJ/cm2
=
Time for a Fluence (UV Dose) of 100
mJ/cm2
=




















12 min 18 s
16 min 24 s
20 min 30s





Note: the exposure times should be at least 1 min. If they are calculated to be shorter, arrange the irradiation platform further away from the UV lamp so that the
irradiance will be smaller.
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B.5 PETRI FACTOR OF QUASI-COLLIMATED BEAM TEST
Determination of the "Petri
Factor"
Sups:
1 Draw a 0.5 cm x 0.5 cm grid and place the center of the grid at the center of the collimated beam
2. Place the Petri dish
"inner"
diameter into Cell H15. Measure carefully with a plastic mm ruler or betterwith a pair of calipers.
3. Measure the UV irradiance (with a radiometer) every 0.5 cm in the x and y directions and place the readings into the empty spaces in the grid below
It is only necessary to take readings out to 0.5 cm beyond the radius of the Petri dish (or other container) The units do not matter since ratios are calculated.
4 The Petri factor is calculated in Cell AC76 and is automatically transferred to the "Fluence
Calculations'
Worksheet.
UV Distribution across the Petri Dish for a low pressure UV Lamp
Petri Dish Diameter = 5.1cm Average Petri Factor: 0.9388
-
x y -6.0 -5.5 5 -4.5 4 -3.5 -3 .2.5 -2 -1.5 .1 JUS 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6






-5.5 XXX XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX xxx xxx XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx 0
-5 XXX XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx xxx xxx xxx XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx 0








-1 XXX XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx 0
-3.5 XXX XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx 0
-3 XXX XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx 0
-2.5 XXX XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx 352 377 351 xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx 3
-2 XXX XXX XXX XXX XXX XXX XXX XXX xxx 367 45 46.3 46 4 46.4 45.7 37.2 xxx xxx xxx xxx xxx xxx xxx xxx xxx 7
-1.5 XXX XXX XXX XXX XXX XXX XXX xxx 36.4 46.1 46.8 47.3 47 1 47.3 47.2 46.8 38.3 xxx xxx xxx xxx xxx xxx xxx xxx 9




4>.5 XXX XXX XXX XXX XXX XXX XXX 34.1 45.4 47.3 47.4 47 6 474 47 47.7 474 47.1 37.8 xxx xxx xxx xxx xxx xxx xxx 11
0 XXX XXX XXX XXX XXX XXX XXX 36.7 46.7 47.4 47.6 47 6 47.4 474 44.1 475 47.4 41.8 xxx xxx xxx xxx xxx xxx xxx 11




1 XXX XXX XXX XXX XXX XXX XXX xxx 46.3 47.6 47.6 47.5 474 47.3 47.9 47.5 47.1 XXX xxx xxx xxx xxx xxx xxx xxx 9
M XXX XXX XXX XXX XXX XXX XXX xxx 397 47.3 473 47.4 47 2 47 4 477 47.5 43 XXX xxx xxx xxx xxx xxx xxx xxx 9
2 XXX XXX XXX XXX XXX XXX XXX xxx xxx 41.4 46.9 47.1 474 47.1 47.3 44 XXX xxx xxx xxx xxx xxx xxx xxx xxx 321.2
121.6
7
2.5 XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx 3B.9 42.4 403 XXX XXX XXX xxx xxx xxx xxx xxx xxx xxx xxx 3





3.5 XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX XXX XXX XXX xxx XXX xxx xxx xxx xxx xxx xxx xxx xxx 0
4 XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX XXX XXX XXX xxx XXX xxx xxx xxx xxx xxx xxx xxx xxx 0
4.5 XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX XXX XXX XXX xxx XXX xxx xxx xxx xxx xxx xxx xxx xxx 0
5 XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX XXX XXX XXX xxx XXX xxx xxx xxx xxx xxx xxx xxx xxx 0
0
0
5.5 XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX xxx XXX XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx 0
C XXX XXX XXX XXX XXX XXX XXX xxx xxx xxx xxx XXX xxx XXX XXX xxx xxx xxx xxx xxx xxx xxx xxx xxx xxx 0 0
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Maximum: 48















-2.5 0.733 0 785 0.731 3





-1.5 0.758 0.960 0.975 0.985 0 981 0.985 0.975 0.798 9
-1.0 0.769 0.975 0.983 0.990 0 988 0.988 0.990 0.981 0.958






0.0 0.765 0.973 0.988 0.992 0.992 0 988 0.988 0.919 0.990 0.9B8 0.871 11
0.5 0.752 0.969 0.979 0.983 0.990 0.988 0 985 1.000 0.990 0.985 0.802 10.423 11
1.0 0.965 0.992 0.992 0.990 0.988 0 985 0.998 0.990 0.981 8.879 9
1.5 0.827 0.985 0.985 0.988 0 983 0.988 0 994 0.990 0.896 8.635 9























Average Petri factor = 0.9388
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B.6 EXAMPLE UV DOSE RESPONSE CURVE FOR MS2
BACTERIOPHAGE
Raw Data
Fluence Dilution PFU Counts (3eometric Wo average
(mJ/crn^) Factor #1 #2 #3 Mean PFU/mL N
0 1.00E+05 45 38 33 38.4 3.84E+06
0 1.00E+05 39 46 32 38.6 3.86E+06 3.80E+06
0 1.00E+05 47 29 37 36.9 3.69E+06
10 1.00E+04 76 68 81 74.8 7.48E+05
10 1.00E+04 83 89 73 81.4 8.14E+05 8.01E+05
10 1.00E+04 91 83 79 84.2 8.42E+05
20 1.00E+04 23 28 24 24.9 2.49E+05
20 1.00E+04 29 44 28 32.9 3.29E+05 2.93E+05
20 1.00E+04 31 26 34 30.1 3.01 E+05
40 1.00E+03 26 31 32 29.5 2.95E+04
40 1.00E+03 28 42 52 39.4 3.94E+04 3.72E+04
40 1.00E+03 45 36 48 42.7 4.27E+04
60 1.00E+02 31 30 25 28.5 2.85E+03
60 1.00E+02 38 37 18 29.4 2.94E+03 2.96E+03
60 1.00E+02 39 30 25 30.8 3.08E+03
80 1.00E+01 29 33 47 35.6 3.56E+02
80 1.00E+01 42 52 71 53.7 5.37E+02 4.55E+02
80 1.00E+01 45 39 60 47.2 4.72E+02
100 1.00E+00 65 77 74 71.8 7.18E+01
100 1.00E+00 73 94 95 86.7 8.67E+01 7.89E+01













































































B.7 WATER AND DIVERGENCE FACTORS
NOTE: TheWater Factor and the Divergence Factor must be calculated together. This Worksheet





0. (L+x) [(LI(L +x)]A2 10A(-ax) Product Term
0 32.30 1.00000 1 .00000 1.00000
1 32.31 0.99938 0.99977 0.99915 0.01000
2 32.32 0.99876 0.99954 0.99830 0.00999
3 32.33 0.99814 0.99931 0.99746 0.00998
4 32.34 0.99753 0.99908 0.99661 0.00997
5 32.35 0.99691 0.99885 0.99576 0.00996
6 32.36 0.99630 0.99862 0.99492 0.00995
7 32.37 0.99568 0.99839 0.99408 0.00994
8 32.38 0.99506 0.99816 0.99323 0.00994
9 32.39 0.99445 0.99793 0.99239 0.00993
10 32.40 0.99384 0.99770 0.99155 0.00992
11 32.41 0.99322 0.99747 0.99071 0.00991
12 32.42 0.99261 0.99724 0.98987 0.00990
13 32.43 0.99200 0.99701 0.98903 0.00989
14 32.44 0.99139 0.99678 0.98820 0.00989
15 32.45 0.99078 0.99655 0.98736 0.00988
16 32.46 0.99017 0.99632 0.98652 0.00987
17 32.47 0.98956 0.99609 0.98569 0.00986
18 32.48 0.98895 0.99586 0.98486 0.00985
19 32.49 0.98834 0.99563 0.98402 0.00984
20 32.50 0.98773 0.99541 0.98319 0.00984
21 32.51 0.98712 0.99518 0.98236 0.00983
22 32.52 0.98652 0.99495 0.98153 0.00982
23 32.53 0.98591 0.99472 0.98070 0.00981
24 32.54 0.98530 0.99449 0.97987 0.00980
25 32.55 0.98470 0.99426 0.97905 0.00979
26 32.56 0.98409 0.99403 0.97822 0.00979
27 32.57 0.98349 0.99380 0.97739 0.00978
28 32.58 0.98289 0.99357 0.97657 0.00977
29 32.59 0.98228 0.99334 0.97574 0.00976
30 32.60 0.98168 0.99312 0.97492 0.00975
31 32.61 0.98108 0.99289 0.97410 0.00975
32 32.62 0.98048 0.99266 0.97328 0.00974
33 32.63 0.97988 0.99243 0.97246 0.00973
34 32.64 0.97928 0.99220 0.97164 0.00972
35 32.65 0.97868 0.99197 0.97082 0.00971
36 32.66 0.97808 0.99174 0.97000 0.00970
37 32.67 0.97748 0.99152 0.96919 0.00970
38 32.68 0.97688 0.99129 0.96837 0.00969
39 32.69 0.97628 0.99106 0.96755 0.00968
40 32.70 0.97568 0.99083 0.96674 0.00967
41 32.71 0.97509 0.99060 0.96593 0.00966
42 32.72 0.97449 0.99038 0.96511 0.00966
43 32.73 097390 0.99015 0.96430 0.00965
44 32.74 0.97330 0.98992 0.96349 0.00964
45 32.75 0.97271 0.98969 0.96268 0.00963
46 32.76 0.97211 0.98946 0.96187 0.00962
47 32.77 0.97152 0.98924 0.96106 0.00961
48 32.78 0.97093 0.98901 0.96026 0.00961
49 32.79 0.97034 0.98878 0.95945 0.00960
50 32.80 0.96974 0.98855 0.95864 0.00959
151
Note: Row 51 to 1949 are not shown due to redundancies
1950 51.80 0.38882 0.63826 0.24817 0.00000
1951 51.81 0.38867 0.63812 0.24801 0.00000
1952 51.82 0.38852 0.63797 0.24786 0.00000
1953 51.83 0.38837 0.63782 0.24771 0.00000
1954 51.84 0.38822 0.63768 0.24756 0.00000
1955 51.85 0.38807 0.63753 0.24740 0.00000
1956 51.86 0.38792 0.63738 0.24725 0.00000
1957 51.87 0.38777 0.63724 0.24710 0.00000
1958 51.88 0.38762 0.63709 0.24695 0.00000
1959 51.89 0.38747 0.63694 0.24680 0.00000
1960 51.90 0.38732 0.63680 0.24664 0.00000
1961 51.91 0.38717 0.63665 0.24649 0.00000
1962 51.92 0.38702 0.63650 0.24634 0.00000
1963 51.93 0.38687 0.63636 0.24619 0.00000
1964 51.94 0.38672 0.63621 0.24604 0.00000
1965 51.95 0.38658 0.63606 0.24589 0.00000
1966 51.96 0.38643 0.63592 0.24573 0.00000
1967 51.97 0.38628 0.63577 0.24558 0.00000
1968 51.98 0.38613 0.63562 0.24543 0.00000
1969 51.99 0.38598 0.63548 0.24528 0.00000
1970 52.00 0.38583 0.63533 0.24513 0.00000
1971 52.01 0.38568 0.63518 0.24498 0.00000
1972 52.02 0.38554 0.63504 0.24483 0.00000
1973 52.03 0.38539 0.63489 0.24468 0.00000
1974 52.04 0.38524 0.63475 0.24453 0.00000
1975 52.05 0.38509 0.63460 0.24438 0.00000
1976 52.06 0.38494 0.63445 0.24423 0.00000
1977 52.07 0.38480 0.63431 0.24408 0.00000
1978 52.08 0.38465 0.63416 0.24393 0.00000
1979 52.09 0.38450 0.63402 0.24378 0.00000
1980 52.10 0.38435 0.63387 0.24363 0.00000
1981 52.11 0.38420 0.63372 0.24348 0.00000
1982 52.12 0.38406 0.63358 0.24333 0.00000
1983 52.13 0.38391 0.63343 0.24318 0.00000
1984 52.14 0.38376 0.63329 0.24303 0.00000
1985 52.15 0.38362 0.63314 0.24288 0.00000
1986 52.16 0.38347 0.63299 0.24273 0.00000
1987 52.17 0.38332 0.63285 0.24258 0.00000
1988 52.18 0.38317 0.63270 0.24244 0.00000
1989 52.19 0.38303 0.63256 0.24229 0.00000
1990 52.20 0.38288 0.63241 0.24214 0.00000
1991 52.21 0.38273 0.63227 0.24199 0.00000
1992 52.22 0.38259 0.63212 0.24184 0.00000
1993 52.23 0.38244 0.63198 0.24169 0.00000
1994 52.24 0.38230 0.63183 0.24155 0.00000
1995 52.25 0.38215 0.63168 0.24140 0.00000
1996 52.26 0.38200 0.63154 0.24125 0.00000
1997 52.27 0.38186 0.63139 0.24110 0.00000
1998 52.28 0.38171 0.63125 0.24095 0.00000
1999 52.29 0.38156 0.63110 0.24081 0.00000









was 1 mL stock in 9 mL PBS
2.03E-KB
2.05E+09





























































Quasi Collimating Beam Apparatus
Item Part No. Quautiy
Philips PL-S 9VW TUV bulb (Donated) 1F298 3
Ballasts for PL-S 9W TUV bulb . F8T5 Preheat LC49C 3
Bulb Holders for PL-S 9W TUV bulb.W/G23 Base
Horizontal, Snap in (screw in better!) ,"7W Twin tube
sock"
W/G23 3
UPS shipping of Ballasts/holders 1
Screws for bulb holders (used silicon) not used 3
Water tight strain relief - 1
















Aluminum angle - 3
Phillips flathead wood screws #6 x
1/2"
- 4
Conduit lock nuts 1
90 deg compression connection conduit - 2
16/3 extension cord wire 10
Switch box - 1
Switch - 1
Switch plate - 1
Plug ~ 1
Strain reliefwire clamps - 2
Wire nuts ~ 2
Suprasil quartz window 1
Constant voltage power source 1
Block aluminum
4"x3"x2"
for jig for radiometer 1
Stop watch 62379-457 1
Strut channel end caps for 15/8x1 13/16 Strut 3312T37 6
3'
pc unslotted, aluminum, 1 5/8 x 13/16, Strut Channel 3230T74 2
2'
pc unslotted, aluminum, 15/8x13/16, Strut Channel 3230T73 1
1.5'
pc unslotted, aluminum, 1 5/8 x 13/16, Strut Channel 3230T72 2
1"
pc unslotted, aluminum, 1 5/8 x 13/16, Strut Channel 3230T71 2
Zinc plated steel 90 deg Angle Brackets, 4 holes 33125T34 4
5 Hole Gusset T-Plate, Zinc Plated 33125T92 2
6-32 x
1/2"
machine screws w/nuts (box of 10) ~ 1
Yellow zinc coated 1/4-20 Leveling Feet 6111KB2 4
Document Box with Combination Lock 00064998 1







Shipping Al and Doc box
- 1





Quasi Parallel Beam (QPB)
Date Checked Sterility of Growth Medium
Date ofMS2 propagation
Expected Stock MS2 Concentration
Volume ofWater in Tank
Volume of Stock MS2 solution added
Expected Inlet Concentration
11/11/2004 Result: sterile
10/22/2004 must be less than 28 days
1.50E+11 PFU/mL
shoUdbe10K,to10'1












must be within the last year
must be within the last year
Time QPB turned on: 8:30:00
Time after starting
QPB (min)
Eo, irradiance at top













3.46% < 5%? yes, continue
Petri Dish ID: 5.1 cm ;
Water Volume: 20 mL
Distance, bulb to surface: 66.41 cm



















































































0003 0.43 2325 1 1 60
J/m1
1395 s 2 min 20a 046 0455 635 70 9 0 0 0011 71BE+04
0.008 0.43 2326 1.2 60
J/m1
1395 s = 76 12 0 0.0011 B.16E-KM 756E-HM 1.636405 63.5 0.333
oooa 0.43 2 326 13 60
J/m1
1395 e 635 7? 9 0 0.0011 7 36E+04
0 008 0.44 2.273 21 240
J/nr1
545 5* 112 9 0 0 oon 1.10E-O4
OOOB 0.44 2773 22 240
J/m1
645 6 e 9mm 5s 044 044 2400 104 12 0 Q 0011 106E04 1 0BEO4 1636405 2400 1 188
0.0TB 0.44 2273 23 240
J/m1
5455a 9 into 5a 044 044 2400 103 9 0 0 0011 1.026404
oooa 0 J.I
OJ/m1
00 e 0 00 0 148 28 1 000111 157E-H35
0X08 a 12 OJ/m1 00 s 00 0 167 16 5 0 00111 1.60E*O5 1.63E405 1636405
OOOB 0 JJ
OJ/m1
0.0 e 0 0.0 0 169 29 3 0.00111 1.726*05
0 006 0.44 2.273 4.1 540
J/m1
1227 3 s 0.435 533.9 357 IB 3 0 0 0 1.11 3.50E-t02
OOOB 0.44 2.273 42 540 J/m1 1227 3 s 20 mm 27s 043 0.436 5339 322 20 3 0 0 0 1 11 3 11E*02 3.24E+02 1.636405 5339 2702
OOOB 0.44 2273 43 540
J/m1
1227 3 20 mm 27s 043 0435 5339 329 15 2 0 0 a 1 11 3.12E+02
oooa 0.42 2 381 5.1 420
J/m3
10000 a 16 mm 40s 043 0 425 425.0 47 4 0 0 0 Oil 4 64E*02
0 006 0.42 2.381 57 420 J/nr1 10000 s 16 mm 40s 0 43 0425 4250 66 e 0 0 a 0.11 6.91E*02 6.036*02 1.636405 425.0 2432
OOOB 0.42 2381 5.) 420
J/m1
1000 0 o 16 mm 40s 043 0.425 425.0 69 6 1 0 0 0111 6.95E-02
O.0D8 0.43 2326 61 120
J/m1
279.1 ( 4 mm 39 e 0.44 0435 121.4 106 19 2 0 0.0111 1 06E*C4
OOOB 0.43 2.326 62 120
J/m1
279.1 s 4 mm 39s 044 0.435 1214 205 14 0 0 0.011 1996*04 205E-*4 1636*05 121.4 0900
0008 0.43 2 326 6.3 120
J/m1
279 1 a 4mm 39s 044 0.435 1214 232 24 3 0 0 0111 2.33E04
0008 0.44 2273 71 360
J/m3
819.2 s = 38 s 0.44 0.44 3500 146 11 0 0 Oil 1.436*03
OOOB 0.44 2273 72 360
J/m1
818.2 3 a 13 mm 38s 044 0.44 3500 175 14 2 0 0 0.111 1.72E-HD3 1J51E+03 163E*05 360.0 2033
OOOB 044 2273 73 360 J/m3 818 2 s 13 mm 3Bs 044 044 3600 142 12 0 0 0.11 1 40E+03
OOOB 044 2.273 1.1 600
J/m1
1363 6 s di 22 mm 44 S 043 0.436 593.2 13 1 0 0 0 Oil 1.276*02
OOOB 0.44 2273 7 600 13636 a . 22 mm 44a 043 0.435 5932 9 1 0 0 0 011 9.096*01 1.3TJE+02 163E*05 593.2 3 097
OOOB 044 2273 J 600 JrW 13636 a 22 mm 44 a 043 0435 5932 13 2 0 0 0 Oil 1.916*02
OOOB 045 2222 91 180
J/m1
400 0 s Q 6 mm 40s 044 0445 1780 84 5 4 0 0.0111 8366*03
oooa 045 2222 92 1B0
J/m1
4000s 6 mm 40e 0 44 0445 1780 79 2 0 00101 8026*03 8166-KQ 6 3B6*04 178 0 0893
oooa 045 2222 93 180
J/m1
4000 s 6mm 40e 0 44 0445 1780 61 8 0 0011 B09E-H33
OOOB 0.45 2222 101 480
J/m1
1066 7 s = 17 mm 47 a 044 0.445 474 7 217 3B 1 0 0 0 1 11 2 31E+02
oooa 0.45 2222 102 480
J/m1
10S6 7 s 17 mm 47a 044 0445 474 7 2S6 28 3 0 0 0 1 11 2 86E*02 242E402 63B6404 474.7 2420
oooa 0.45 2222 10.3 480
J/m1
1066 7 t 17 mm 47 a 044 0.445 474.7 1S3 54 3 0 0 0 1 11 2.16E+02
OOOB 0.44 2.273 11.1 303
J/m1
688.6 s = 11 mm 29s 045 0.445 3064 120 12 3 0 0 0.111 172E*03
0008 0.44 2273 112 303
J/m1
6886 s m 11 mm 29s 045 0.445 3064 140 10 1 0 0 0111 1.366*03 1.37E+03 6.386*04 306.4 1.669
0008 0.44 2273 117 303
J/m1
689 6 s m 11 min 29s 045 0.445 3064 160 10 2 0 0 0.111 1.656*03
oooa 12.1 oW 0.0 s = 0 min 0a 0 0.0 0 62 8 1 0.00111 8.206*04
0.008 127
OJ/m1





0 mm 0 s n 00 0 49 a 2 .!i,.1HII.A,:=F.>)
1
0 011 0.4; 2326 13 1 360
J/m1
8372 s = 13 min 57 a 044 0435 364 2 48 o 0 0 01 4.906*03
0011 0.43 2 325 137 360
J/m1
8372 a B 13 mm 57s 044 0.435 3642 46 0 0 0.01 4,606*03 4.60603 3.8SE*05 364.2 1.923
0011 0.4: 2.326 133 360
J/m1
6372 s = 13 mm 57s 044 0435 3642 44 0 0 001 4.406*03
0.011 0.44 2273 14 1 60
J/m1
1364 s = 2 min 16 s 0 431 0.4356 594 196 40 0 0.0011 2.15E*05
0011 0.44 2273 142 60
J/m3
136.4 s = 2 mm 16 s 0431 0 4355 59 4 133 29 0 0.0011 2.016*05 2.1BE40S 3656*05 59.4 0 246




2mm 16 s 0431 0.4355 594 236 30 0 0.0011 2.42E*05
0 011 043
!
2326 15 1 120
J/m3
279 1 =. 4 mm 39s 0434 0.432 1206 52 10 0 0 0011 5S4E-H34
0 011 0.43 2326 152 120
J/rrr1
2791 = 4 mm 39s 0434 0432 1206 72 10 0 0 0011 7.45E*04 6.3BE404 3 86E*05 1206 0 7B1
0 011 0.43 2326 153 120
J/m1
2791 a a 4 mm 39a 0434 0.432 1206 B2 6 0 0.0011 6.1BE*04
007 0.4621 2164 16.1 540
J/m1
1168 6 I o 19 mm 29a 0463 046255 5405 B4 11 0 0 0 011 B64E+02
007 0.4621 2164 162 540
J/m1
11686s = 19 mm 29s 0463 046255 5405 78 10 0 0 0 011 BOOE-KD B.33E4C2 3 85E+05 540.5 2665
007 0.4821 2164 163 540
J/m3
1168.6s a 19 mm 29a 0463 046255 5405 B0 12 0 0 0 011 6.36E-t02
0011 01 43 6 0 00011 4.45E*05
0011 02 32 5 0 00011 336E*05 385E-tOS 385E405 0
0 011 03 37 5 O00D11 3826*05
0 011 0.4407 2269 17.1 630
J/m3
13615 a = 22 mm 41 s 0.4399 0.44025 5994 303 25 2 0 0 0 1.11 2796402




22 mm 41 s 0.4398 0 44025 599.4 277 20 5 0 0 0 1.11 2.72E*C2 2.92E402 3.656405 599.4 3.135
0011 0.4407 2.269 177 GOO
J/rrr1
1361.5 s m 22 mm 41 s 0.4386 044025 5994 26B 36 2 0 0 0 1.11 2.95E-K12
0.011 0.4433 2256 19.1 243
J/m1
548 2 s 9 mm 8s 0.4424 D.442B5 242.8 161 22 0 0 0 011 1.666*04
0.011 0.4433 2756 1B2 243
J/m1
548.2 s B 9 mm 8s 0.4424 0 44235 2428 195 16 0 0 0.011 1 B3E*04 1.7BE404 3.B56405 242.8 1335
0011 0.4433 2256 18 3 243
J/m3 548 2 s 3 9 mm 6s 0 4424 0 44285 242B 1B9 15 0 a 0 011 I8SE*04
0006 0.4564 2 191 19 1 48D
J/m1
1051 7 s 17 mm 32s 04484 04524 4758 136 17 0 0 0 011 1396*03
OOOB 0.4564 2191 192 480
J/m1
10517 s = 17 mm 32s 0.4484 0 4524 475 8 117 9 0 0 0 011 1 15E*03 1.266*03 2596*05 4758 2 313
OOOB 0.45B4 2191 193 480
J/m3
10517 s = 17 mm 32s 04484 0 4524 475 8 124 14 0 0 0 011 1.256*03
0006 0.4B17 2166 2.1 300 JW 649 8 e 10 mm 50a 04396 O4S0B5 292.8 70 5 0 0 0011 6.826-103
0006 0.4617 2 166 7 300
J/m1
6498 b 10 mm 50 a 04396 0.45065 292.B 86 5 0 0 0011 8.27E*03 7.5BE403 2596405 292.8 1534
OOOB 0.4617 2 166 20J 300
J/m1
6498 s a 10 mm 50s 0.4396 045065 2928 S3 2 0 0 0.011 7 73E-KJ3
OOOB 0.4635 2157 21.1 420
J/m3
9031 s = 15 mm 6s 0.4626 046305 4196 11C 23 3 0 0 0111 1.236*03
OOOB 04635 2 157 217 420
J/m3
906 1 s 15 mm 6s 04626 046305 4196 ISC 19 1 0 0 0.111 1 95E+03 1.5BE403 2 59E40S 4196 2214
OOOB 04635 2 157 217 420
J/m1
9081 s 15 min 6s 0.4626 046306 4196 15E 27 1 0 0 0.111 1 66E+G3
0006 0 4511 2217 22 t
IBOJ/m1 3990 a 6 mm 39s 04502 045065 1798 26 7 0 0 0011 3 00!i-KJ4
0006 0.4511 2.217 222 1B0
J/m1
3990* 6 mm 39 s 0.4502 045065 179B 23 1 0 0.0011 218E-t04 2466*04 23E*06 1798 1.982
OOOB 0.4511 2217 223 180
J/m3 3990 s 6 mm 39 a 0.4502 045055 179.B 23 2 0 0 0011 2.27E+04
0 00b 0.4325 2312 231 480
J/m1
1109 8 a 18 mm 30s 04502 0 44135 4898 97 9 0 0 0 011 964E-*02
OOOB 0 4325 2313 231 480
J/m3
1109 8 s o 18 mm 30s 04502 0 44135 4B9B IDC 13 C 0 c 011 1.06E-KH 1 01E*03 2.696405 469.6 2408
0006 0.4325 2.312 23 1 480
J/m1 1109.6- 16 mm 30s 04502 044136 489B 101 12 0 0 0 0 11 imE-tOT
0005 0.4502 2221 24 1 600
J/m1
1332 7 e = 22 mm 13 G 04325 0 44135 5892 as 12 c 0 0 011 8 91E-H32
0006 0.4502 2 221 242 600
J/m1
1332.7 s 22 mm 13 s 0.4325 044135 sbb.j 91 G 0 0 0 011 9.4SE*02 8.39E+02 2 59E*05 2490
0006 04502 2 221 243 600
J/m1
1332 7 s = 22 mm 13 s 04325 044135 5882 65 13 0 c c Oil 7 00E+O2
0006 0 4617 21B6 25 1 120
J/m3 2599s - 4 mm 20s 04626 0 46215 120 1 465 B1 s 0 0.0111 50OE*O4
0006 0.4617 2 166 251 120
J/m1
2599s = 4 mm 20 8 0.4626 0 46215 1201 48C 56 7 0 0.0111 4.BSE -04 5GBE404 2 596*05 120.1
0006 0.4617 2166 25.1 120
J/m3 2599s - 4 mm 20s 0.4626 046215 1201 6E K 0 0.0011 7.D9E-H34
OOOB 0.4644 2153 26.1 180
J/m3
337.6 s 6mm 2Bs 0.4546 04595 178 1 2BE 3E D 0.011 2.968*04
OOOB 0.4644 2153 261 180
J/m1
3976 s 6 mm 28s 0.4546 04595 1781 291 36 0 0.011 2.97E-M34 3.11E404 2596*05
0.005 0.4644 2.153 26 1
IBOJ/m1
387.6 3 = 6mm 28s 0.4546 0.4595 178 1 34 c 0.001 3.40E-KJ4
OOOB now/a 271 0
J/m1
DfVfll > MW/Ol mm #DM01 s 0 M0I 0 0 X 0 00011 3.00E*05
0006 HDTVjOI 27 2
OJ/m1
WrVfll s KDIVOI mm orv/oi s C HOMO! 0 ( 2C 5 0.00011 2 27E-*05 259E405
OOOB DrV/OI 273
OJ/m3
ACMOi e 4OM0I mm WrVffll s 0 nerval 0 0 2t 8 umsaK
0.07 271
OJ/m3
00 s = 0mm 0s 0 or. 0 0 51 13 i|..,IIIU:..i',lJ
007 eW/OI 27.2
OJ/m3
*M0l s = #LWrOI mm *W*701 s 0 HCtVfll 0 0 46 5 000011 4.64E+05 537E405
0.07 HDTV/01 273 0
J/rrr1
DM01 s tONta mm IDMUI s c dOrV(01 0 ( 6C 0 00011 5.73E-tOS
0 07 0.463 2.160 28.3 360
J/m1
777 5 s = 12 mm 583 0.4577 046035 357.S St i C ( 0.011 9.36-t03
007 0463 2 160 283 360
J/m1
7775 b 12 mm SBs 0.2315 1800 62 6 c [ 0 011 6.1BE403
007 0 4B3 2160 283 350
J/m1
7775a - 12 mm 58 s 0 2315 1800 56 6 [ t 0 011 5.64E103
007 0 4488 2228 291 540
J/m1
1203 2 s 20 mm 3s 0.4471 0 44795 5390 73 10 0 c t 011 7 55E-K32
007 04488 2228 292 540
J/m1
12032 a = 20 mm 3s 0 2244 2700 99 16 C [ t 011 105E403 901E402 5376*05
007 0 4489 2226 293 540
J/m1
1203.2 a 20 min 3s 0 2244 2700 86 16 [ [ t 0.11 9.27E+D2
007 0.4391 2277 30.1 60
J/m1
1356 8 H 2mm 17 a 0.4382 043665 69 2-71 55 t 0.0011 2.96E-05
0.07 ? 4391 " 2mm 3 ( 0.0011 2.42E-KS 2.57E40S 5376*05 30 0 0.320
007 s 2 mm [ 0 0011 2.36E-KJ5
" 10 mm t 0.011 1.15E-KU
0.07 = 10 mm 0 ( 0 011 1.0BE+OJ 1 0SE4O4 5 376*05 150.0 1 709
007 10 mm 55s 027685 150C 5 ( t oon 9.27E-KT
007 ?L_ 9 mm t t 0,01 196E*0-
007 04355 2 291 323 240
J/m3









































210E-KH 5376*05 210.0 2.403
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Estimated Quantities
stem Testsfor a Quasi Collimated Beam Study and 6 UV Sy









Sodium Chloride (NaCl) (EMD 500 g) WWR International EM-7710
Potassium dihydrogen phosphate (KHjP04) (Mallinckrodt 125 g) WWR International MK710002
Hydrated disodium hydrogen phosphate (Na2HPO4-12Hj0) (JT Baker, 500 g) WWR International JT3822-1
potassium chloride KCI
0.1 NHCICVWR1 Liter) WWR International VW3200-1
0.1 NNaOHfEMD, 1 liter) WWR International EM-SXD607C-6
Sodium Sulfite (NajSCy 500 grams WWR International EM-SXD785-1
EDTA Sigma SED2SS 100 grams WWR International JT404O0
*LysozymB, Boehringer Mannheim, #1 243004 WWR International 80052-948






soytone (500 g) WWR International DF0436-17
dextrose (454 g) WWR International BB4311863
dipotassium phosphate (250 g) WWR International EM-PX1563-1
DI water












PBS Sodium Chloride (NaCl)
Potassium dihydrogen phosphate (KH2PO4)






































Other Sodium Sulfite (NajS03)
EDTA Sigma HED2SS 02 g
0 026q
04 g 0 09per propagation of U 2 6
6
0.4 g












lor 0 1 L






















































for 0 5 L
for 0.5 L
for 0 5 L
for 0.5 L













































2.5 g for 0.5 L
sodium chloride 25 g lor 0 5 L
































Reagents. Equipment Supplies Part Number
Supplies
Case 15 x 100 mm petri dishes (plastic disposable, 500/case) WWR International 25364-070
15 x 60 mm Pyrex petri dishes (12/pack) WWR International 253544325
Test tube racks, 16 mm tubes (case of8, holds 60 each) WWR International 60915-408
1 mL pipette tips boxed (1250 uL) WWR International 53508-920
1 mL pipette tips bulk WWR International 53508-922
50 mL centrifuge tubes
120 mL sample bottles w/ cap

















Sterile 0.22 urn polycarbonate membrane filters (100/pk) WWR International 28140-037 i
1 L glass bottles (autoclaveable, case of 24) WWR International 16159-991
Alcohol







Incubator, 35 +/- 1C (95 +/- 1F)
Refrigerator, 5 +/- 3C ( 41 +/- 3F)












TDS Meter (w/shipping) 3JF-100722













2 MS-2 Coliphage (ATCC # 15597-BI)
4 E. Coli (ATCC #15597)
158


























1.37E+03 1.87196 1.584627 0.18132529
306.4
J/m2
1.37E+03 1.668531 1.58442 0.053086052
425.0
J/m2
6.03E+02 2.227887 2.1537 0.034446461
419.6
J/m2
1.58E+03 1.809303 2.127743 0.149660742
588.2
J/m2
1.30E+02 2.489776 2.127743 0.170148869
599.4
J/m2
2.82E+02 2.557826 2.990759 0.144757019
^ J






















































APPENDIX C: EXPERIMENTAL RESULTS
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